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CHAPTER I

Introduction

Thunderstorms and their associated hazards pose a serious risk to general,
commercial, and military aviation interests. The threat to aviation from thunderstorms
primarily manifests itself in three areas: Icing, lightning, and turbulence. These hazards
can all be mitigated to some degree by avoiding thunderstorms by as wide a margin as is
possible. With aviation hazard reduction in mind, the Federal Aviation Administration
(FAA) provides some guidelines for pilots to follow to maintain a safe distance from
thunderstorms in their 2012 publication of the Aeronautical Information Manual (AIM)
in section 7-1-29 dealing with thunderstorm flying. A few particularly relevant rules are:
5. Do avoid by at least 20 nautical miles any thunderstorm identified as severe or giving
an intense radar echo. This is especially true under the anvil of a large cumulonimbus.
6. Do clear the top of a known or suspected severe thunderstorm by at least 1000 feet
altitude for each 10 knots of wind speed at the cloud top. This should exceed the altitude
capability of most aircraft.
7. Do circumnavigate the entire area if the area has 6/10 thunderstorm coverage.
1

Adherence to these guidelines can render large areas of airspace unusable in particularly
busy convective environments and especially in congested airspace. Therefore, it is not
always practical or possible to follow the FAA guidelines explicitly but the fact remains
that direct and indirect effects from thunderstorm are responsible for significant numbers
of injuries and monetary losses to the aviation industry as a whole. Weber et al. (2006)
analyzed FAA statistics and found that thunderstorm related flight delays cost the
commercial aviation industry approximately 2 billion dollars annually in direct operating
expenses.
All threats to aviation associated with thunderstorms are a direct or indirect result
of the kinetic energy contained in the thunderstorm updraft. The glossary of the
American Meteorological Society (Glickman 2000) defines a thunderstorm as a local
storm, invariably produced by a cumulonimbus cloud and always accompanied by
lightning and thunder, usually with strong gusts of wind, heavy rain, and sometimes with
hail. Thus, thunderstorms, by definition, contain lightning and the presence of any
lightning confirms that a convective cell is of sufficient strength to loft large quantities of
water to sufficient heights above the freezing level where the interaction between small
ice crystals and larger precipitation ice in the presence of supercooled water leads to the
production of electrical charge (Takahashi 1978; Williams 2001). The presence of
lightning implies the existence of nontrivial amounts of supercooled water which is the
main factor responsible for aircraft icing while in flight (Petty and Floyd 2004). The
actual lightning discharge is also hazardous to aircraft and has been responsible for
numerous reports of airframe damage and a few instances where there was a total loss of
aircraft and passengers onboard (Uman and Rakov 2003). The presence of lightning also
2

indicates that the updraft is of sufficient strength to be avoided as a turbulence hazard.
Updrafts capable of lofting and separating charged particles represent a direct threat to
aviation and updraft speeds in even weakly flashing cells can be detrimental to aircraft
and passenger safety should they be encountered directly. Turbulence generated in or as
a result of thunderstorms is called Convectively Induced Turbulence (CIT). In addition
to turbulence found within the convective cell, thunderstorms are capable of generating
atmospheric gravity waves that are formed when a thunderstorm updraft overshoots its
level of neutral buoyancy (Lane et al. 2003). These gravity waves propagate vertically in
most environments but are also capable of being advected horizontally, or ducted, in
specific meteorological environments (Lane et al. 2001). Gravity waves are the primary
means by which thunderstorm turbulence can affect aircraft at significant distances from
the generating updraft. Icing, turbulence, and the direct impacts from lightning can be
avoided or significantly reduced by maintaining the recommended horizontal and vertical
separation from thunderstorms.
Remote sensing of thunderstorms has traditionally depended on weather radars for
information about thunderstorm areal coverage and intensity. While radar is an excellent
tool to assess convective intensity it is certainly not the only option. Data from
geostationary satellites can indicate areas of hazardous convection by detecting the
temperatures at cloud top level which gives some indication as to the depth and strength
of the convective elements below (Bedka et al. 2010). Additionally, in the last few
decades the advent, improvement, and subsequent proliferation of various ground-based
lightning detection networks has afforded the meteorological and aviation communities
another tool to assess the strength and coverage of convection. Data from these lightning
3

networks can augment the information from satellite and radar and, in cases of where
radar data quality is poor or nonexistent; lightning and/or satellite data can serve in place
of radar. In the next few years a combination of two important thunderstorm assessment
tools will occur with the launch of the next suite of Geostationary Operational
Environmental Satellites series R (GOES-R). These satellite platforms will feature new
capabilities which include the Geostationary Lightning Mapper (GLM) that will allow the
continuous detection of lightning from space (Goodman et al. 2013). This instrument
will be capable of detecting lightning day or night in areas where radar coverage is sparse
or unavailable such as Central and South American countries and over large portions of
the eastern Pacific and western Atlantic oceans.
The purpose of this study is to use existing ground-based lightning detection
networks to explore the relationship between lightning and thunderstorm generated
turbulence in the vicinity of aircraft so as to be better prepared to fully utilize the
capabilities provided by the GLM/GOES-R platform in assessing the threat to aviation
interests. Chapter 2 contains background information necessary to understand the
relationship between lightning, radar, turbulence and associated threats to aircraft.
Chapter 3 outlines the data and methodology used in this study while chapter 4 contains
the main results of the research. Chapter 5 will feature discussion and conclusions drawn
from this study as well as prospects for future areas of research pertaining to this work.

4

CHAPTER II

Background

In order to construct a framework for this study, it is necessary to provide a
general review of thunderstorms and a detailed review of the threats they pose to aviation
in addition to the various instruments and parameters used to quantify those threats.
2.1 Thunderstorms
A thunderstorm can be broadly defined as any convective cell that produces
lightning. Thunderstorms form in a wide array of conditions and their strength, size,
morphology, and longevity are defined by the kinematic and thermodynamic conditions
in which they form.

5

Figure 2.1: Adapted from Doswell (2001) showing the three stages of ordinary
thunderstorm development (left to right): The cumulus stage, the mature stage, and the
dissipating stage.

Atmospheric instability in the form of warmer surface temperatures overlaid by
cooler air aloft is the driving force behind all thunderstorms. As moist, buoyant air near
the surface of the Earth begins to rise and cool, the moisture it contains will condense and
release latent heat. This heat from condensation contributes further to the warmth of the
air parcel and increases the temperature difference between the rising parcel and the
environment. This upward motion driven by environmental buoyancy and subsequent
latent heating defines the thunderstorm updraft. Byers and Braham (1949) outlined 3
stages associated with the typical thunderstorm lifecycle: the cumulus stage, the mature
stage, and the dissipating stage. Figure 2.1 details these stages of thunderstorm
development. The cumulus stage is characterized by updrafts throughout the depth of the
cloud and features the formation of the first hydrometeors mostly through warm cloud
processes in which smaller drops grow and collide with other drops. The size of the
6

hydrometeors will increase through coalescence as more moisture is continually lofted by
the updraft. As the cloud extends to greater heights in the atmosphere, surrounding
environmental temperatures cool to freezing and below. At this stage, ice processes
become important for precipitation formation and have important ramifications for
electrical charging as well. Eventually the fall speed of hydrometeors (dictated by
particle size) will exceed the speed of the updraft and precipitation will begin to fall from
the cloud, signaling the beginning of the mature stage of development. Entrainment of
dry environmental air on the edges of the updraft leads to evaporational cooling which
when combined with cooling associated with melting ice hydrometeors and drag induced
by falling precipitation particles leads to the formation of a downdraft. In ordinary
convection, this downdraft falls into the location of the updraft and signals the beginning
of the end of the convective cell. With the convective engine (the updraft) cut off by the
downdraft, the storm begins to dissipate. In the dissipating stage outlined by Byers and
Braham (1948) the convective cell is characterized solely by downdrafts. The updraft is
the driving force in the thunderstorm and leads to all the subsequent effects and dangers
due heavy precipitation, lightning, and turbulence.
While environmental instability is responsible for the formation of convective
updrafts, convective longevity and morphology is largely dictated by the kinematic
properties of the environment. Vertical wind shear is the change of wind speed and or
direction with height and the stronger the vertical wind shear magnitude the stronger and
better organized convection will be. In weakly sheared conditions the aforementioned
convective scenario plays out in which developing downdrafts and precipitation fall into
the updraft area and effectively cut off the inflow of moist, unstable air. Thunderstorms
7

of this type are typically referred to as “airmass thunderstorms”. In moderate wind shear
environments, shear acts to preferentially favor the development of new convective cells
on one flank of the outflow generated by the initial convective downdraft, which leads to
multicell thunderstorm clusters and linear convective structures like mesoscale
convective systems (MCS). In strongly sheared environments the precipitation
associated with convective downdrafts does not fall into the main updraft region which
allows the convective cell to be maintained by the updraft. Updraft rotation becomes
more likely with increasing wind shear magnitude and in these types of storms, called
supercells, the increased influence of pressure perturbation forces leads to quasicontinuous updraft features and additional forcing for downdraft formation.
2.2 Threats to Aircraft from Thunderstorms
As mentioned in the introduction to this study the main thunderstorm impacts to
aviation interests are airframe icing, lightning, and turbulence. Each of these threats is
capable of causing aviation accidents and will be examined in more detail below.
2.2.1 Icing Impacts
Airframe icing results from the aircraft being impacted by supercooled water
droplets; these droplets freeze upon contact with the aircraft skin and can alter the
delicate wing geometry required for lift generation and stable flight. Accumulated ice
can also increase the weight of the aircraft and influence the function of movable surfaces
required for flight control. In a conference paper by Petty and Floyd (2004) in which
analysis of National Transportation Safety Board (NTSB) data on aircraft accidents
between 1982 and 2000 showed that a majority (nearly 40%) of icing accidents occur
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during the cruise portion of the flight. The fact that aircraft were at or near their peak
flight altitude implies that aircraft were flying through clouds that contained appreciable
amounts of supercooled water. Thunderstorm charging depends on the juxtaposition of
ice particles and supercooled water in at least some portion of the cloud. Thus, lightning
is an indicator of the presence of supercooled water and its associated airframe icing
hazard and these areas should be avoided by pilots whenever possible.
2.2.2 Lightning Impacts
Aircraft contact with the lightning discharge itself is perhaps the most obvious
aviation hazard posed by thunderstorms, and unlike in-flight icing and turbulence, it can
also significantly affect persons and property on the ground. Curran et al. (2000) found
that in the years between 1959 and 1994 that deaths due to lightning were only eclipsed
by deaths from flash and river flooding when examining the 30 year average of deaths
from convective weather. Additionally, Curran et al. (2000) also found that lightning is
responsible for nearly 1000 casualties (injuries and fatalities) with monetary damages on
the order of one billion dollars each year.
Hazards from lightning strikes certainly extend to aviation interests as Pitts et al.
(1988) found that the US commercial airliners are impacted by lightning once for every
3000 hours of flight or the equivalent of once per year. When a lightning discharge
contacts an airframe there are a myriad of effects to the aircraft that can be classified as
both direct and indirect. Direct effects include: burn holes in the skin of the aircraft at the
entry and exit points of the lightning, puncturing/splintering of non-metallic surfaces such
as the plastic radomes that cover the on-board weather radar, welding or roughening of
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movable hinges on the body of the aircraft, damage to external antennas and lights, and,
in rare cases, the ignition of fuel vapors (Uman and Rakov 2003). Indirect impacts from
a lightning strike include effects that result from the large currents and voltages induced
in aircraft electrical systems as a result of the lightning channel contacting the aircraft.
Damage to any of the many on-board electronic systems including avionics, hardware,
and communications equipment are considered indirect effects (Uman and Rakov 2003).
Older commercial and military aircraft were largely constructed of aluminum and various
metal alloys which afforded the aircraft a significant degree of protection from intrusion
of electrical current associated with a lightning strike. With the development and use of
strong, light-weight aircraft composite materials and digital control systems it was
necessary to reevaluate the threat that a lightning strike can pose to aircraft (Pitts et al.
1988). In one such study, the National Aeronautics and Space Administration (NASA)
conducted an eight year campaign, called the Storm Hazards Program, which examined
the electromagnetic interaction between aircraft and lightning. This program involved
intentionally flying a heavily instrumented military aircraft into thunderstorms and found
that the aircraft itself is the trigger in the vast majority (90%) of lightning strikes as
opposed to merely being at the wrong place and time and intercepting a lightning channel
(Pitts et al. 1988). Aircraft have even been documented to trigger lightning from clouds
which did not previously or subsequently produce any natural lightning which illustrates
the likelihood that the aircraft itself is instrumental in the lightning initiation (Mazur
1989). Clifford and Kasemir (1982) found that aircraft shape and size can enhance the
local electric field to the levels required to initiate electrical breakdown and a subsequent
lightning discharge. Aircraft were most likely to be struck at high altitudes
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corresponding to temperatures of around -40 ⁰C and the Storm Hazards Program found
that their aircraft were rarely struck by lightning during the most intense turbulence and
precipitation (Pitts et al. 1988). Early studies involving aircraft and lightning found a
propensity for aircraft to be struck near the ground or when they were flying near the
freezing level. Mazur (1989) concluded that these prior studies were biased towards
lower altitude strikes by the fact that most aircraft can more easily deviate around
thunderstorms while en-route at higher altitudes/lower temperatures. Further details on
the generation and implications of lightning production in thunderstorms are a main focus
of this study and will be addressed in a more thorough manner in a later subsection of this
chapter. Direct impacts from lightning and icing can be reduced or eliminated by not
flying directly into active convection; which is not necessarily the case for turbulence
generated by convection.
2.2.3 Turbulence Impacts
Turbulence in the free atmosphere is a significant contributor to the dangers
aircraft and passengers face while in flight (Lane et al. 2003). Sharman et al. (2006) state
that, “the average number of air carrier turbulence-related injuries is about 45 per year
according to the National Transportation Safety Board.” In the same study an airline
official estimated that it pays out “tens of millions of dollars per year for customer
injuries and loses about 7000 days in employee injury related disabilities” as a result of
turbulence. Previous studies have shown that for commercial air carriers, strategic
planning to avoid turbulence encounters can lead to a reduction in cabin injuries and costs
(Fahey 1993). This approach can be effective in attempting to avoid turbulence if
sufficient information is known about the turbulence generating mechanism and the
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environment. Such information will be valuable to pilots, dispatchers, and air traffic
control as we move towards the Next-Generation Air Transportation System’s (NextGen)
stated goal of significantly increasing air traffic capacity over the next 20 years (Sharman
and Williams 2009). Since turbulence in general and convectively induced turbulence in
particular, are a main focus of this paper the mechanisms responsible for its generation,
propagation, and detection will be addressed in a more detailed fashion in the next
section of this chapter.
2.3 Turbulence
There are two main forms of turbulence that affect aircraft: Clear Air Turbulence
(CAT) and Convectively Induced Turbulence (CIT). These forms of turbulence have
different generation mechanisms in the atmosphere but the effects felt on flying aircraft
are largely the same. Understanding how each type of turbulence is generated is the first
step towards avoiding such hazards.
2.3.1 Clear Air Turbulence
Clear air turbulence is most closely associated with the presence of and proximity
to a few prominent atmospheric features. Chandler (1987) found that high-altitude
turbulence is more likely near the location of the jet stream and its associated upper level
fronts. Additionally, it has been shown that CAT is more likely near the boundary
between the troposphere and the stratosphere and turbulence is especially likely in
regions of tropopause folds (Wimmers and Feltz 2006). Surface terrain features such as
horizontally and or vertically extensive mountain ranges can have a significant impact on
the atmosphere both above and downstream of such features (Wolff and Sharman 2008).
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Mountain wave turbulence is known to be a common cause of CAT over the western
United States and other mountainous regions. Since CAT is normally caused by large
scale topographic or atmospheric features there have been some concerted efforts at using
Numerical Weather Prediction (NWP) to forecast its location and magnitude. One such
system, called Graphical Turbulence Guidance (GTG), went operational in 2003 and was
focused on upper-level (>20,000 feet) clear air turbulence prediction. The GTG ingests
gridded Rapid Update Cycle (RUC) model output in an effort to resolve large scale
features that directly relate to aircraft scale turbulence (Sharman et al. 2006). The GTG
seeks to integrate the combination of many individual turbulence diagnostics and weight
each diagnostic in such a way as to optimize their agreement with available observations
(Sharman et al 2006). This system was designed to highlight areas of CAT and as such
actually makes an effort to not include observations of turbulence that are likely
associated with convective processes. The algorithm uses the ground-based National
Lightning Detection Network (NLDN) to assess the locations of cloud-to-ground (CG)
lightning. Any turbulence observation within 100km of an NLDN- indicated lightning
strike is considered to be associated with convection and is not included in the GTG
guidance (Sharman et al. 2006). Numerous studies have included information from
lightning networks to identify whether or not a turbulence encounter is of convective
origin (Kaplan et al. 2004; Sharman et al 2006; Bedka et al. 2010). A second generation
version of GTG called GTG2 has since been implemented. GTG2 expands on the
capabilities of GTG and now includes guidance on turbulence at lower altitudes (>10,000
feet). In addition, the developers added some diagnostics related to terrain
induced/mountain wave turbulence. Sharman et al. (2006) believe that the GTG offers
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enough skill to provide meteorologists and aviation dispatchers with useful information
for strategic planning and clear air turbulence avoidance. The current study explores the
use of lightning as a diagnostic of thunderstorm turbulence and as such will be primarily
concerned with turbulence that is convective in origin.
2.3.2 Convectively Induced Turbulence
Convectively Induced Turbulence is an aviation term encompassing all
convectively induced turbulent motions that cause a turbulent response in aircraft (Lane
et al. 2003). Cornman and Carmichael (1993) found that CIT may account for over 60%
of turbulence encounters over the United States. Additionally, CIT events tend to be
highly transient in both space and time (Hamilton and Proctor 2002; Lane et al. 2003)
making them especially difficult to track and forecast. Kaplan et al. (2004) studied the
meteorological conditions present in 44 severe, accident-producing turbulence encounters
and found that well over 80% of the cases they studied occurred within 100km of moist
convection. It follows that decreases in the distance between aircraft and convective
updrafts should result in greater chances for CIT as has been found in numerous other
studies (e.g. Bedka et al. 2010; Lane et al. 2012). In fact, Lane et al. (2012) state that,
“the risk of moderate or greater (MOG) turbulence is almost twice the background value
as far as 70 km from the storm”. The same study also found that 50% of MOG
turbulence encounters occur within 100 km of convection even though turbulence
encounters in these areas only make up roughly 10% of all EDR reports. Further details
on their findings can be found in Figure 2.2. Sharman and Williams (2009) state that,
“the mechanisms for the generation and propagation of CIT are not currently well
understood by researchers.” Given these findings, it is apparent that further investigation
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into the causes and effects of CIT is necessary. In Pantley’s (1989) Master’s thesis the
various causes for CIT are outlined effectively:
1. Updrafts and downdrafts within and on the periphery of deep cumulus convection.
2. Rapidly growing thunderstorms that may go undetected by airborne weather
radar.
3. Kelvin-Helmholtz instability induced by thunderstorm outflows along the
tropopause.
4. Turbulent vortices that form due to the breaking of convectively triggered
atmospheric waves above and downwind of thunderstorms.
5. Turbulent wakes caused by barrier type effects around and in the lee of
thunderstorms.
The causes outlined above can be viewed in a direct vs. indirect framework. Direct CIT
events are those most closely associated with the updraft/downdraft couplet and
encompass numbers 1 and 2 above. These types of CIT would likely occur when the
aircraft is flying within or above robust convective clouds (Hamilton and Proctor 2002).
Lane et al. (2003) state that, “In cloud turbulence generally owes its existence to moist
instability within convective updrafts and subsequent mixing of cloudy air.” Avoiding
these types of turbulence can be made easier by adherence to the previously stated
guidelines from the FAA governing the recommended horizontal and vertical
displacement from active convection, though numerous studies have suggested that the
FAA guidelines are not stringent enough or are too general to protect against all
significant turbulence encounters (e.g. Lane and Sharman 2008; Lane et al. 2003; Pantley
and Lester 1990; Williams et al. 2008).
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Figure 2.2: Adapted from Lane et al. (2012) showing the relative risk for moderate or
greater turbulence as a function of lateral distance to convection (top) and altitude above
radar echo top (bottom).

Remote sensing platforms like radar, lightning detection networks, and satellite
imagery can alert the pilot or aircraft dispatchers to the danger posed by a particular
convective cell or convective region (Williams et al. 2008). Radar and lightning-based
remote sensing platforms primarily detect features associated with the convective updraft
but as the updraft is ultimately responsible for all forms of CIT, be they direct or indirect,
these platforms hold significant value in determining the location of increased turbulence
risk.
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One such attempt at using remotely sensed data to diagnose CIT is the NCAR
Turbulence Detection Algorithm (NTDA), outlined in Williams et al. (2008). The NTDA
utilizes information from National Weather Service Weather Surveillance Radars 1988
Doppler (WSR-88D) to estimate turbulence magnitude. Raw radar data is ingested by the
NTDA software and merged into a 3 dimensional mosaic after extensive quality control
measures are implemented to remove spurious radar artifacts like range rings and sun
spikes (Williams et al. 2008). The same study states that, “the NTDA is fuzzy-logic
algorithm that uses radar reflectivity, radial velocity, and spectrum width data to perform
quality control and compute turbulence magnitude and a confidence estimation of that
magnitude.” The most important data utilized by the NTDA is spectrum width, which
has been shown to be favorably correlated with atmospheric turbulence magnitude
(Williams et al. 2008). Since the NTDA is a radar-derived product it is only capable of
identifying areas of turbulence associated with regions of sufficient precipitation intensity
to obtain a favorable signal to noise ratio. That is to say, the NTDA only functions in
areas with radar returns and cannot make explicit predictions of turbulence outside of
those areas. Any NTDA prediction of turbulence outside of cloud/radar boundaries is
inferred and not explicitly predicted by this algorithm (Williams et al. 2008). The NTDA
is one attempt at filling the considerable gap between large scale NWP-based predictions
of turbulence such as the GTG and the small-scale transient nature of CIT.
Detailed satellite observations have resulted in the identification of features that
have been found to be associated with aviation turbulence. Bedka et al. (2007) used
aviation turbulence data to highlight signatures in satellite imagery that are associated
with turbulence. Banded convectively induced cirrus outflows, called transverse bands,
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are frequently accompanied by reported aircraft turbulence (Bedka et al. 2007; Lenz et al.
2009). These features are commonly found at the edges of upper level outflow from
thunderstorms, in tropical cyclone outflow, and near robust upper level jet streaks.
Additionally, Bedka et al. (2007) identified rapid lateral expansion of thunderstorm anvils
as a likely location with increased turbulence risk. New convective cells exhibiting rapid
vertical development were also shown to be an increased risk for gravity wave generation
and should be avoided by aircraft. Further work by Bedka et al. (2010) described the
identification of overshooting top (OT) signatures in satellite data using a technique they
developed called Infrared Window (IRW)-texture, which uses the gradient in infrared
(IR) brightness temperature along with NWP-derived tropopause temperature data to
automatically detect OTs. Overshooting tops occur when the momentum associated with
the convective updraft causes the air within it to continue to rise even though it is no
longer buoyant with respect to its environment. Since the air in an overshoot is at a
greater altitude than the surrounding anvil it registers a colder temperature and is thus
detectable in IR imagery. This product only uses IR channel data so it can be used in
either day or night to detect the presence of an OT. Since OTs are an upper level
signature of the updraft and they are also known to generate gravity waves the technique
defined in Bedka et al. (2010) can be used to highlight turbulence generated directly by
the updraft as well as indirectly through gravity wave production and subsequent
propagation.
Indirect CIT can be difficult to diagnose and avoid since it can occur in the clear
air well away from the parent thunderstorm and are not readily identified by either onboard or ground-based remote sensing instrumentation (Lane et al. 2012). Convective
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atmospheric gravity waves are formed when rapidly growing convection overshoots its
Level of Neutral Buoyancy (LNB) and begins to oscillate around the LNB (Lane et al.
2001). In addition, under the right environmental conditions, gravity waves generated by
convection can travel large distances in the horizontal and cause turbulence at appreciable
distances from the parent updraft (Lane et al. 2012). Not all thunderstorm environments
are conducive to the formation, propagation, and subsequent breaking of atmospheric
gravity waves that can result in a turbulence encounter (Lane et al 2003). Since this
study only seeks to explore the relationship between total lightning and convectively
induced turbulence we will not be making a distinction as to whether the turbulence was
caused by direct effects from the updraft or was caused indirectly by gravity waves or
other effects.
2.3.3 Turbulence Characteristics
The aircraft response to turbulence depends on aircraft size, cruise speed, altitude,
and aerodynamics according to Sharman et al. (2012). The same study also stated that,
“Only a certain range of frequencies or wavelengths of turbulent eddies is felt by aircraft
as bumpiness.” In essence this means that in order for an aircraft to experience
turbulence the scale of the turbulent eddy must be similar to the size of the aircraft which
necessarily implies differing effects between smaller general aviation and larger
commercial aviation aircraft. Efforts using NWP to predict CIT have been mixed and are
primarily limited by the resolution of such models. High-resolution modeling studies
conducted by Lane et al. (2001; 2003; 2012) have been effective at resolving turbulence
on aircraft scales but the use of large scale NWP models to accurately predict both
location and magnitude of CIT are lacking. The smallest scales present in global or
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mesoscale numerical models, which are the most critical for turbulence forecasts, are not
properly resolved and their amplitudes are underrepresented (Sharman et al. 2012). In
order for turbulence that threatens aircraft to be resolved a large range of scales must be
represented accurately, from the largest scales on which turbulence is generated down to
the small scales on which turbulence affects aircraft (Lane et al. 2003).
2.3.4 Measuring Turbulence
A common framework is necessary to define aviation turbulence magnitude.
Figure 2.3 outlines the criteria set forward in the FAA’s AIM (2012) regarding how pilots
should define and report different turbulence levels ranging from light turbulence at the
low end to extreme turbulence at the high end. Reports of hazardous weather conditions
by pilots, or PIREPs, have long been the only in-situ observations of adverse aviation
weather conditions (Schwartz 1996). The many years over which PIREP data have been
recorded is the primary advantage of that data set but there are significant deficiencies
associated with PIREP data as well. In recent years there has been a concerted effort by
those in the atmospheric research and aviation communities to develop and implement a
new way of reporting aviation turbulence that seeks to reduce some serious problems
associated with PIREPs.
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Figure 2.3: Adapted from Table 7.1.9 in AIM (2012) detailing recommended turbulence
definitions and reporting criteria for PIREPs.

2.3.4.1 Pilot Reports (PIREPs)
According to the AIM (2012), air traffic facilities are required to solicit reports
from pilots when the following conditions are reported or forecast:
1. Ceilings at or below 5000 feet
2. Visibility at or below 5 miles (surface and aloft)
3. Thunderstorms and related phenomena
4. Icing of light degree or greater
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5. Turbulence of moderate degree or greater
6. Wind shear
7. Reported or forecast volcanic ash clouds
Pilots communicate the conditions they experience to ground facilities via radio. The
reports are then used by air traffic control to alert other aircraft to the reported hazards.
These data are also utilized by the NWS to verify or modify aviation forecasts and
upcoming pilot weather briefings.
The primary goal of PIREPs is to inform other pilots and air traffic control of
hazardous conditions. There are guidelines as to what should and should not be included
in a PIREP and they are outlined in Figure 2.4. Guidelines in section 7-1-23 of the AIM
(2012) regarding turbulence PIREPs request that pilots report the following information:
1. Aircraft location
2. Time of occurrence in UTC
3. Turbulence intensity
4. Whether the turbulence occurred in or near clouds
5. Aircraft altitude or flight level
6. Aircraft type
7. Duration of turbulence
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Figure 2.4: Adapted from Table 7.1.6 in AIM (2012) detailing what information should
be included in a PIREP and where it belongs.

Problems associated with using PIREPs in research applications are well
documented (Schwartz 1996; Sharman et al. 2006; Wolff and Sharman 2008; and others).
One study by Schwartz (1996) outlines some of the characteristics of PIREPs that make
them less than ideal for research purposes. In his study, Schwartz analyzed a year’s
worth of PIREP data to illustrate how the use of these data for verification may hamper
the development, calibration, and verification of any method to forecast aviation hazards.
Schwartz (1996) mentions that at the root of the problem is the fact that the PIREP
system was never designed with research interests in mind. When hazardous weather is
encountered by pilots, they radio their report to the local Flight Service Station (FSS) or
Area Route Traffic Control Center (ARTCC). These radio reports are then coded and
transmitted via the NWS communication gateway by personnel on the ground.
Unfortunately, many PIREPs never get entered into the communications gateway since
adverse weather conditions also tend to increase the work load of controllers and FSS
staff on the ground. The result is fewer reports making it into the NWS communication
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system at times of inclement weather when ground support staff members are most busy.
Similarly, the hazardous weather also increases pilot work load which can lead to delays
in when the details of the encounter are actually radioed to ground. This disparity
contributes to substantial errors in location and time in PIREP data (Schwartz 1996).
Similarly, there are multiple ways of listing one’s location within a PIREP: the pilot can
list the distance to or from a navigational aid or list the route segment on which the
encounter took place. Some legs of flights are quite long and the result of issuing a
PIREP in this way is that the latitude and longitude of the entire leg are averaged which
leads to significant uncertainty in determining the exact location and time at which the
turbulence occurred (Schwartz 1996).
Sharman et al. (2006) highlighted errors in PIREP time and location accuracy. They
found that errors in horizontal location averaged 50 km, errors in vertical location were in
error by 70 meters, and errors in timing had an average error of 200 seconds. These
discrepancies illustrate that using PIREP data to verify a forecast or algorithm is
problematic. Another potentially inconsistent aspect of PIREP data is the fact that the
severity of the turbulence reported is a subjective assessment made by the pilot. The
pilot’s assessment depends upon the severity of the turbulence but also upon the complex
interaction between the turbulent eddy and the particular aircraft resulting in a subjective,
aircraft dependent assessment of turbulence severity (Sharman et al. 2012). Another well
documented aspect of PIREPs that hinders their use in research applications is the fact
that pilots are inherently busy doing the flying which does not leave much time to
transmit a PIREP when there is not turbulence. These factors likely result in the
underreporting of null turbulence PIREPs (Sharman et al. 2006). Severe turbulence is
24

very rare when examining the whole of turbulence reports and this rarity is largely due to
pilots and aviation officials keeping aircraft away from the most dangerous areas, but
there may be additional reasons that high-end turbulence may not be reported in PIREP
data. Schwartz (1996) outlined a few situations that may further explain why there are so
few severe turbulence reports in the PIREP dataset:
1. Commercial pilots generally have the most experience with turbulence and due to
the subjective nature of the PIREP a pilot may classify severe turbulence as
moderate.
2. Once a severe PIREP is received it is quickly shared with aircraft in the area
which will take prompt measures to avoid the dangerous area. This fact indicates
that there is a systematic under-sampling of the most severe turbulence
environments.
3. Pilots may be reluctant to report severe turbulence if it means that their aircraft
must be pulled from the fleet for inspection. Additionally, there are implications
if the encounter results in passenger injury and subsequent litigation.
Clearly, there is a need for a research-caliber method of measuring aviation turbulence
that reduces or eliminates the many problems associated with PIREP-derived turbulence
data.
2.3.4.2 Eddy Dissipation Rate (EDR)
Cornman et al. (1995) outlined a way in which many of the aforementioned
drawbacks of the PIREP system could be eliminated and result in a research-quality
metric of aviation turbulence that is suitable for verification of forecasts and algorithms.
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The EDR is calculated using existing sensors, avionics, and communication technology
to produce and disseminate an aircraft independent, state-of-the-atmosphere, turbulence
metric (Cornman et al. 1995). These objective measures of turbulence are now available
on a significant number of aircraft using the FAA’s automated turbulence reporting
system and the National Center for Atmospheric Research (NCAR) in situ algorithms.
An update to Cornman et al. (1995) outlined two different methods to arrive at an
estimate of EDR (ε1/3, m2/3 s-1) (Cornman et al. 2004). The first method detailed in
Cornman (1995) uses vertical acceleration information from on-board instruments and a
mathematical model of aircraft response to turbulence. This approach is called the
vertical accelerometer method. The newer and more direct approach involves
calculations of the vertical wind component and is called the vertical wind method
(Cornman et al. 1995).
Regardless of which method is used to compute the EDR one must define a
window of time over which to compute the EDR. The size of the time window chosen is
a compromise between the ability to resolve discrete turbulence events and the cost
required to transmit more detailed data from the aircraft (Cornman et al. 2004). For
aircraft in stable cruise flight a 1 minute window is used. Within this 1 minute window
the EDR is calculated on a sliding 10 second window. In this way, 2 values are
transmitted to ground: the square root of the median ε2/3 value as well as the square root
of the 95th percentile of the ε2/3 value over the 1 minute window. Using these 2 values
gives some indication as to the character of the turbulence experienced. If the median
and 95th percentile values are relatively similar it can be inferred that the turbulence was
rather sustained over the 1 minute reporting interval. If the 2 values are significantly
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different one can infer that the turbulence event was relatively discrete in nature
(Cornman et al. 2004). The same study explains that they chose to use the median and
95th percentile information instead of the average and peak EDR values to mitigate
erroneous reports stemming from data quality issues.
Extensive quality control measures are implemented on board the aircraft and on
the ground where the reports are collected. On-board quality control monitors the various
method input values and compares them to previously recorded values. If a particular
aircraft is having issues with a sensor this quality control measure may result in
legitimate turbulence being misclassified as an error (Cornman et al. 1995). Groundbased quality control measures compare aircraft data to data gathered from the same
aircraft over the recent previous flights to ascertain whether or not there is an issue with
the instrumentation on that aircraft. In addition, EDRs from one aircraft are compared to
EDRs from other aircraft in the same region for relative consistency. There are 2 levels
of quality control that happen on the ground, near real-time data and post processed data.
Near real-time EDR data are used for making operational decisions by aviation
dispatchers and meteorologists and as input to automated turbulence detection and
forecasting applications (Cornman et al. 2004). Near real-time data do not have the
luxury of comparisons to EDR estimates from after the time in question; and as such
these data may contain erroneous EDR reports that can result if an aircraft instrument is
just starting to malfunction. In these cases it is preferable to have an outside estimate of
EDR either from radar-based applications like the NTDA or the GTG2 (Cornman et al.
2004). Post processed data are used in the development of turbulence detection and other
research applications.
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EDR data offer significant improvements over PIREP turbulence data. EDRs are
calculated and reported every minute regardless of meteorological conditions or
pilot/ground support staff workload. As such EDRs alleviate the lack of null reports and
greatly reduce the location uncertainty issues associated with PIREP data. Williams and
Sharman (2009) indicate that the latitude/longitude location of EDRs is defined as the
aircraft’s location at the mid-point of each 1 minute reporting window. Since commercial
aircraft typically fly at airspeeds of around 250 m s-1 and assuming the turbulence
encounter occurs at the very beginning or end of a 1 minute reporting period that equates
to a maximum potential offset in location of ~7.5 km (4 nmi), which is a significant
improvement over the mean location error in PIREPs of 50 km found by Sharman et al.
(2006). The timing errors associated with EDR are also obviously much improved over
PIREPs since they are reported every minute (Williams and Sharman 2009). The
computation of EDRs also eliminates the subjective and aircraft dependent aspects of
PIREP data and as such they can be used by all pilots and dispatchers to gauge
atmospheric turbulence. Due to these marked improvements over PIREP data, EDRs
have been widely embraced for use within the research community as an objective gauge
of turbulence (Bedka et al. 2010).
2.4 Lightning
Lightning is the defining feature of thunderstorms and there are numerous
theories pertaining to how charging develops within a convective cell. There are also
many ways to detect the electrical activity in thunderstorms some of which will be
outlined below. Finally, the relationship between the presence of lightning and trends in
flash rate and the strength of the updraft will be reviewed.
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2.4.1 Thunderstorm Electrification
There are many theories that detail charging mechanisms in laboratory
experiments as well as within actual thunderstorms. Regardless of the theory it seems
that the presence of mixed-phase microphysics is necessary for appreciable charging to
take place (e.g. Takahashi 1978; Williams 2001). Some hypotheses rely on the presence
of pre-existing electric fields that are amplified, while others are able to produce charging
on the order of what is found in thunderstorms without any specific initial electric field
conditions. Theories that are requisite upon pre-existing electric fields are termed
“inductive charging” while those that do not require such electric fields are called “noninductive charging” (MacGorman and Rust 1998). In the paragraphs that follow, a brief
overview of these theories will be given.
2.4.1.1 Inductive Charging
Inductive (polarization) charging details the interaction between colliding,
polarized hydrometeors (Sartor 1981). Three conditions must be met for charging to
occur in this way: 1) the precipitation particles must collide, rebound, and separate after
the collision, 2) the particles must be in contact for enough time for charge to be
transferred between them, and 3) the particle that moves up in the cloud must contribute
to the charge found there and likewise for the particle that ends up lower in the cloud.
Studies have found that this mechanism is not capable of generating the electric fields
observed in actual thunderstorms. Saunders (1993) outlines many studies that detail
other significant shortcomings of the inductive charging mechanism. He also lists
numerous studies that show that inductive charging cannot account for the initial
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electrification of clouds but concedes that the rapid electric field growth observed in field
experiments suggests that multiple charging processes may be at work simultaneously.
2.4.1.2 Non-Inductive Charging
Non-Inductive Charging (NIC) occurs during charge-transferring particle
collisions that are independent of any existing electric field. Sanders (1993) states that
the largest charge magnitudes are transferred when ice crystals collide with graupel in the
presence of supercooled water (specifically termed the graupel-ice mechanism). This
statement is backed up by extensive laboratory and field experiments including early
work by Reynolds et al. (1957) which found that the charge separated by ice crystals
colliding with riming graupel is adequate to explain the electrification observed in
thunderstorms. Reynolds et al. (1957) also postulated that temperature has an effect on
the sign of the charge carried by the respective particles.
Once the precipitation particles collide they are separated by the combined effects
of gravity and the thunderstorm updraft (Williams 2001). Smaller ice crystals have a
small fall speed and are thus carried far aloft into the upper regions of the storm. Larger
and heavier graupel particles are either suspended by or fall against the thunderstorm
updraft and as a result they accumulate in the lower regions of the storm. Accumulation
of these separate charge centers on the cloud-scale results in an electrical imbalance that
is neutralized in the form of a lightning flash when the electric fields are sufficient to
allow the resistive properties of the atmosphere to be overcome. In laboratory
experiments conducted by Takahashi (1978) it was found that in addition to temperature
the charge transferred in collisions also depends on the liquid water content of the air in
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which the collisions take place. He also found that there is a temperature at which the
charging on graupel and ice particles reverses from its normal mode. This “reversal
temperature” was found to be -10⁰C. At temperatures colder than -10⁰C the charge
transferred to each particle is a function of temperature and liquid water content. At
warmer temperatures graupel receives a positive charge and the small ice crystals take on
a negative charge. Additional studies have expanded upon and refined Takahashi’s
findings but have largely agreed with the overall concepts he explored. Variations in
experimental design have been suggested to be responsible for the differences between
Takahashi (1978) and a similar study by Saunders et al. (1991) that showed disagreement
in the magnitude of the charge transferred at varying temperatures and liquid water
contents (Pereyra 2000; Saunders et al. 2006). Saunders et al. (1991) introduced the
concept of effective liquid water content which takes into account the collection
efficiency of the riming particle as well as the environmental liquid water content. In a
subsequent paper by Saunders and Peck (1998) it was shown that charge transfer is
dependent on effective liquid water content, temperature, and the rime accretion rate.
The rime accretion rate is defined by the particle’s fall speed and the effective liquid
water content parameter defined above. The same paper outlines a concept called the
relative growth rate theory and distills it down to, “Essentially, the particle growing faster
by vapor diffusion charges positively.” These findings augment the evidence for a
reversal temperature since the fastest growing particle via vapor diffusion changes from
small ice crystals at lower temperatures to graupel at warmer temperatures, all else being
equal.
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The concept of a reversal temperature agrees with the observed charge locations
in typical thunderstorms as detailed in the thunderstorm tripole model outlined by
Williams (1989a). The concept of a tripole structure that describes thunderstorm
charging regions was first outlined by Simpson and Scrase (1937) and is shown in
Figure 2.5. A majority of thunderstorm observations conform to the tripole model in
which there is a dominant region of negative charge with positive charge regions located
above and below the main negatively charged area (Williams 1989a). Charge
magnitudes in the upper positive and main negative regions are roughly similar while the
magnitude of the charge found in the lower positive region is smaller than that observed
in either main charging region. In the mid-levels where temperatures are less than the
reversal temperature there is a region of negative charge associated with negatively
charged graupel while at upper-levels there is a region of positive charge resulting from
the presence of positively charged ice crystals. Lightning is primarily initiated in the
strong electrical fields between the main negative charging regions and either the upper
or lower positive regions.

Figure 2.5: Adapted from Simpson and Scrase (1937). This figure illustrates the
electrical tripole structure within a thunderstorm, with upper positive, main negative, and
lower positive charge regions.
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2.4.2 Types of Lightning
Lightning that originates in a main charge region of the thunderstorm and
propagates to ground is called cloud-to-ground lightning (CG). Flashes that do not
connect to the Earth’s surface are termed in-cloud or intracloud (IC) flashes. These
flashes can connect charge regions within a single cloud or connect to the charge regions
of other nearby thunderstorms. The sum of both types of lightning (IC and CG)
generated by a thunderstorm is referred to as total lightning. The total lightning activity
of a convective cell is inextricably linked to the thunderstorm updraft since the updraft is
the force responsible for creating hydrometeors and suspending them aloft in the storm
for a finite time period, allowing them to collide and transfer charge, and for separating
the charged particles in the vertical after charging (Gatlin and Goodman 2010).
Williams et al. (1989b) state that, “peak electrical activity is well correlated with
the cloud vertical development.” The same study outlines the evolution of lightning
properties during the lifecycle of a typical thunderstorm. The first indications of
electrical activity manifest themselves in the form of IC lightning. IC flashes typically
originate near a main charge center and propagate vertically in the strong electric fields
present between oppositely charged regions of the cloud. The vertical channel then
spreads horizontally in the opposite charge region. Negative breakdown describes the
process of negative charge moving into the positively charged region and positive
breakdown describes the flow of positive charge into the negative charge region (Mazur
and Ruhnke 1993). IC discharges dominate the early stages of thunderstorm growth and
are well correlated with the expanding vertical development of the convective cloud
(Williams et al. 1989b). The production of CG flashes follows as the convective cell
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begins to mature and feature some areas of downdrafts in addition to updrafts. It is
thought that the descent of precipitation particles in the downdraft allow for the formation
of the lower positive charge region through charge reversal microphysics (Williams et al.
1989b). The formation of the lower positive charge center increases the strength of the
electric field at low levels in the thunderstorm and these stronger electric fields encourage
the propagation of lightning from the main negative charge center towards the ground
(Williams et al. 1989b). A typical CG flash begins near the negative charge region in the
enhanced electric fields found between main negative and lower positive charge regions.
The negative charge propagates in a series of steps towards the ground and is called a
stepped leader. As this leader nears the surface there are equivalent positive leaders that
form on tall and pointy objects, when two oppositely charged leaders connect there is a
flow of current along the channel called a return stroke. There may also be additional
return strokes that utilize the same channel (Cummins and Murphy 2009). Cloud to
ground lightning flashes can be further described by the sign of the charge they transfer
to the ground, with negative CGs being the most common and positive CGs occurring
much less frequently.
Intra cloud lightning dominates the early life of a convective cell while CG
lightning appears later as the storm nears maturity. In cloud flashes typically outnumber
CG flashes by a ratio of 2-10 (Cummins and Murphy 2009). The ratio of IC to CG
lightning is detailed by Boccippio et al. (2001). That study used the National Lightning
Detection Network (NLDN) and the space-based Optical Transient Detector (OTD) to
determine a 4 year climatology of lightning ratios across the Continental United States
(CONUS). In their work to determine the IC to CG ratio they also outlined a rough
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climatology of total flashes per unit area across the CONUS. A climatology of this
nature is useful when assessing the geographic distribution of thunderstorms and, by
extension, the risks they pose to aviation interests. Figure 2.6 shows that, over roughly
the eastern 2/3rds of the United States, thunderstorms are a relatively common
occurrence which necessarily implies that CIT is also a nontrivial hazard in these areas.
In a related study, Christian et al. (2003) used the OTD to define a global lightning
frequency climatology which shows the convectively active regions of the globe and can
be seen in Figure 2.7. Of note is the relative lack of lighting over the world’s oceanic
basins when compared with the lightning found over the continents. This and other
details regarding lightning detected by space-based instrumentation will be detailed in
section 2.4.3.3.

Figure 2.6: Adapted from Boccippio et al. (2001) showing the OTD-derived total
lightning flashes per square kilometer per year over the CONUS.
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Figure 2.7: Adapted from Christian et al. (2003) showing the OTD-derived global
lightning flashes per square kilometer per year.

2.4.3 Lightning Detection
Differing processes in lightning emit across a wide range of wavelengths on the
electromagnetic spectrum and detection of these emissions is at the heart of all lightning
detection networks. Very Low Frequency (VLF) radio, Very High Frequency (VHF)
radio, and optical/near infrared electromagnetic emissions provide information about
different aspects of the lightning flash and can be used exclusively or in conjunction to
reveal specific characteristics of the discharge. There are many different users of data
provided by lightning detection sensors including aviation and meteorological interests,
land management and forest services, and electrical utilities (Cummins and Murphy
2009). A brief history of lightning detection and the characteristics of VLF, VHF, and
optical lightning detection will be explored below.
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The history of lightning detection goes back further than one might imagine.
Cummins and Murphy (2009) detail papers that highlight the first documented use of
electromagnetic emissions from lightning in the late 1800s. Before the advent of weather
radar the detection of thunderstorms was accomplished in the World War II era by two or
more magnetic direction finding (MDF) sensors that utilize orthogonal antennas to
discern the direction from which radiation was emitted. Over the intervening years the
development of lightning detection networks has expanded and improved. Techniques
using detailed information concerning the time of arrival (TOA) of electromagnetic
energy at multiple sensors was originally developed for use in ocean navigation. TOA
systems operate on the principle that a by using at least two sensors with precisely
synchronized clocks one can use the time of arrival of a radio signal to define a pair of
hyperbolas whose intersection corresponds to the location of the emission (Lewis et al.
1960). TOA techniques are important to both VLF and VHF lightning detection
networks.
2.4.3.1 VLF Lightning Detection
Low frequency (LF) and VLF lightning detection is able to give the user
information about the location, polarity, and peak current of primarily CG return strokes.
The most widely used and continuously operating VLF detection network is the NLDN.
The NLDN began as 3 separate networks of MDF sensors that were merged into a single
network with nation-wide coverage in 1989 (Cummins et al. 1998). The NLDN was the
result of research initiated to allow the detection of CG lightning flashes that may have
ignited wild fires or affected electrical transmission facilities in remote regions. The
addition of broadband TOA techniques increased the detection efficiency of the NLDN
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over what was possible using MDF alone (Cummins and Murphy 2009). There are
benefits and drawbacks to using VLF-based lightning detection networks. One distinct
advantage to VLF systems is the fact that they are able to detect emitted radiation at great
distances from the source since they detect electromagnetic waves that propagate along
the Earth’s surface or between the Earth and the ionosphere (Cummins and Murphy
2009). Therefore, VLF detection networks only require a relatively small number of
sensors when compared to the required sensor density of VHF networks. There are
global lightning detection networks like the World Wide Lightning Locating Network
(WWLLN) that are able to locate lightning globally with relatively few sensors but at the
expense of robust detection efficiency (Cummins and Murphy 2009; Virts et al. 2013).
Very low frequency networks preferentially detect very energetic phenomena like return
strokes but recent upgrades to the NLDN have resulted in considerable improvements in
detection efficiency (DE) and location accuracy and allowed the network to even detect
the more energetic of IC discharges (Cummins et al. 1998; Cummins and Murphy 2009).
2.4.3.2 VHF Lightning Detection
Lightning detection at VHF is primarily accomplished with TOA or
interferometry techniques. Oetzel and Pierce (1969) outlined the efficacy of using the
VHF range of frequencies to detect radiation emitted by lightning. Very high frequency
networks are constrained by the fact that the radiation they detect must be relatively close
by (line of sight) as compared to what can be detected by LF/VLF networks. VHF
networks are therefore limited in the range they can cover with an economically feasible
number of sensors (Cummins and Murphy 2009). TOA radiation detection at VHF
requires “widely spaced” sensors that are able to measure the difference in arrival time of
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radiation associated with an impulsive component of a lightning discharge. In this case,
widely spaced refers to the fact that the spacing between stations must be on the order of
the distance to the source location assuming that the radiation is emitted by a point source
(Cummins and Murphy 2009). At least 4 sensors are required to unambiguously
determine the location of a point in 4 dimensions (time, latitude, longitude, and altitude).
Pioneering work using this technique was explored by Proctor in the 1970s (Proctor
1971) but the first network to use this system in real-time was developed for NASA use
in and around the Kennedy Space Center and was called the Lightning Detection and
Ranging (LDAR) system. In the late 1990s research was conducted at the New Mexico
Institute of Mining and Technology (NMT) focused on the development of a deployable
array of VHF TOA sensors termed the Lightning Mapping Array (LMA) (Rison et al.
1999; Cummins and Murphy 2009). The new LMA systems were able to operate
accurately and efficiently due to the precise timing afforded by the constellation of
Global Positioning Satellites (GPS) (Rison et al. 1999). By measuring the TOA at each
station independently there were considerable savings in the amount of data that needed
to be transmitted back to a central processing location. Each station measures the peak
intensity of radiation in a 100μs time interval in the 6 MHz bandwidth of an unused
analog television channel. The first experimental LMA was deployed for use in a field
campaign in Oklahoma. Further NMT LMA field deployments followed, with the first
semi-permanent operational LMA set up in 2001 for NASA and research use in the north
Alabama region. Subsequent arrays were installed in various locations including central
Oklahoma, Washington D.C., west Texas, and eastern Colorado.
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Lightning Mapping Array characteristics like detection efficiency and location
accuracy were detailed by Thomas et al. (2004). Source locations can be determined by
as few as 4 sensors but normally 6 are required to reduce interference from noise.
Inclusion of data from more than 6 sensors increases source location accuracy but at the
expense of excluding some data that is from legitimate lightning sources (Thomas et al.
2004). Location errors are heavily dependent on whether the source occurs within or
outside the network. Average location error in 3 dimensions is on the order of 100 m for
locations within the network. Uncertainty in range location increases with the square of
the distance from the network center. Errors in altitude also increase with the square of
the range from network center and are additionally influenced by the fact that, being a
ground-based system, the LMA sensors are not located at significantly different
elevations when compared to variations in horizontal sensor placement (10-40km).
Conversely, errors in source direction or azimuth only increase linearly with distance
(Thomas et al. 2004). This discrepancy can lead to the radial elongation of source
locations or “spoking” of LMA sources at large ranges. It is generally advised to use 3D
LMA data within ~150km of the network center and 200km for 2D location accuracy
optimization. Specific characteristics of the North Alabama LMA (NALMA), which is
utilized in this study, will be outlined in chapter 3.
Currently, VHF TOA networks provide the most complete representation in space
and time of a lightning discharge (Cummins and Murphy 2009). Lightning mapping
arrays are best suited for detecting relatively short duration impulsive electrical events
and as such these arrays are excellent at detecting the radiation produced by preliminary
breakdown processes and negative (stepped) leader propagation. Phenomena that emit in
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a more continuous fashion like positive leaders and return strokes do not produce as
many separate impulsive events and are therefore poorly detected by LMA systems
(Cummins and Murphy 2009). Very high frequency networks do not explicitly
discriminate between IC and CG flashes, rather one must use detailed source altitude
information to discern where and how a flash propagated to infer the likely character of
the discharge. Many studies use a combination of VHF and VLF networks to more
accurately discriminate between IC and CG discharges (e.g. Goodman et al. 2005;
Schultz et al. 2011).
2.4.3.3 Lightning Detection from Space
Lightning detection from space is a relatively new development that promises to
significantly augment the global detection of lightning in the coming years. Currently the
space-based lightning detection record has come primarily from two instruments: the
Optical Transient Detector (OTD) and the Lightning Imaging Sensor (LIS). These
sensors are both Low Earth Orbit (LEO) type sensors which results in only limited time
spent above any one location on the surface.
The OTD was in operation from 1995 to 2000 and was able to sample latitudes
ranging from ±75⁰. Given this orbital parameter, the OTD could sample most locations
on the globe over 400 times in a single year with each observation lasting an average of 2
minutes (Christian et al. 2003). The LIS was launched in late 1997 aboard the Tropical
Rainfall Measuring Mission (TRMM) satellite with an orbital inclination of 35⁰ which
allows for observations of latitudes between ±35⁰ lasting roughly 80 seconds over any
one location (Christian 1999). This value was increased to roughly 90 seconds by an
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orbital boost in August of 2001 (Buechler et al. 2011). Both of the OTD and the LIS are
optical/near infrared detectors that use a charge coupled device (CCD) array to gather
light and are capable of detecting lightning day and night. In order to overcome the
formidable challenge posed by detecting relatively weak emissions from lightning against
the background of brightly illuminated clouds several filtering and isolating techniques
are employed. One such technique subtracts the slowly varying background image from
the subsequent image to isolate and highlight only the light from the lightning discharge
(Christian et al. 2003). Buechler et al. (2011) reviewed the performance of the LIS
instrument from its launch in 1997 through 2011 and found no appreciable degradation in
performance. Being optical/near infrared detectors, the LIS and OTD are capable of
measuring total lightning since both IC and CG discharges emit strongly at visible and
near infrared wavelengths. With a space-based total lightning detection capability there
have been efforts to compile a nearly global lightning climatology from the OTD/LIS
data (e.g. Christian et al. 2003; Cecil et al. 2012). In these types of studies it is repeatedly
shown that there is a significant disparity of occurrence between lightning over land and
over the oceans. Cecil et al. (2005) and others have found that there is an order of
magnitude difference in the number of lightning producing storms over land vs. over
water (see Figure 2.7). Reasons for this disparity include the fact that land convective
environments tend to have boundary layers of greater depth as a result of larger sensible
heat flux due to increased surface heating; which favors broader updrafts that are less
susceptible to the effects of dry air entrainment. In addition, the concentration of aerosols
is greater over land which favors the formation of a larger number of smaller drops which
are more likely to freeze and contribute to cloud electrification. Cecil et al. (2005) also
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suggest that irregularities in land surface features promote the formation of mesoscale
boundaries which can focus ascent and lead to stronger, more concentrated updrafts. It
should be noted that significant lightning does indeed occur over certain portions of the
ocean. These areas are commonly found to the east of major land masses in the northern
hemisphere like the Gulf Stream region off of the east coast of the United States. Areas
like this highlight the need for wide coverage lightning detection capability in order to
avoid potential CIT associated with thunderstorms over water that are not well sampled
by more traditional remote sensing platforms like radar.
While the performance of the LIS and OTD is encouraging for space-based
lightning detection, both platforms are limited in their field of view by their low earth
orbital configuration. The lack of time spent over any one location by these instruments
has limited the applicability of these data to climatological studies rather than explicit
investigations of individual storms or storm systems. Space-based lightning detection
from geostationary orbit has been a goal coveted by scientists for decades. Christian et
al. (1989) outlined the advantages associated with total lightning detection from
geostationary orbit which are largely a function of having a hemispheric view over which
to detect lightning continuously. Lightning observations across this wide field of view
(FOV) would allow total lightning observations in regions where radar and other groundbased data are sparse or nonexistent; such as over the Pacific and Atlantic oceanic basins.
The expected launch in 2016 of the next generation of GOES satellites will, for the first
time, feature a lightning detector in geostationary orbit. This instrument, called the
Geostationary Lightning Mapper (GLM), is based on its predecessor, the LIS, and will
function in largely the same way with only modest reduction in resolution (5 km for LIS,
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8 km for GLM) due to the considerable differences in height between LEO and
geostationary orbit. Like the LIS, the GLM will achieve total lightning detection
capability by measuring the radiance at cloud top from all types of lightning. Resolution
will be 8km near the center of the FOV and only decrease to ~14km at the edges
(Goodman et al. 2013). A near uniform resolution across the FOV is accomplished by
having different sized pixels in the CCD, with smaller pixels on the edges and larger
pixels in the center. The GLM will also be compatible with and thus able to extend the
lightning climatology that began with the OTD and continues with the LIS.
Since there is not currently a geostationary lightning detection capability there has
been considerable effort to define and test a suitable proxy for eventual GLM data. Some
proxy datasets have been based on ground-based lightning detection networks and others
have focused on the data from the LIS. The NLDN has been explored as a proxy for
GLM but since NLDN does not detect every (or even most) IC flashes there are some
assumptions and extrapolations necessary regarding the typical ratio of IC to CG flashes
when using NLDN data which make it less a than ideal as a proxy for GLM. Significant
differences in resolution and spatial coverage between LMA and GLM do exist but the
excellent total lightning detection capabilities of LMAs argue strongly in favor of their
use as a GLM proxy (Bateman et al. 2008). The “GLM proxy” uses LMA flash
information and heritage LIS flash details in an attempt to model what the GLM will
detect once in orbit in 2016 (Bateman et al. 2008; Proch 2010). Further exploration of
the GLM proxy will be shown in the Data and Methodology section of this study.
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2.4.4 Lightning and Thunderstorm Strength
As touched on in previous sections, it is the thunderstorm updraft that is
responsible for the generation of lightning, severe weather, and disruptions to aviation
interests from turbulence and icing. Numerous studies have shown that there are useful
correlations between trends in lightning data and thunderstorm strength (e.g. Goodman
1988; Williams 1989a; Steiger et al. 2007; Gatlin and Goodman 2010; Schultz et al.
2011; Metzger and Nuss 2013). A few of these earlier studies utilized CG lightning
detection networks as they were the only widely available lightning detection networks at
that time. Work in recent studies has shown that total lightning is a much more complete
indicator of thunderstorm strength since increases in updraft strength and resultant
microphysical modifications are first manifested electrically in the form of increases in
the IC flash rate (e.g. Williams et al. 1999; Wiens et al. 2005). These abrupt increases in
the total lightning flash rate were termed “lightning jumps” by Williams et al. (1999) and
further studies have shown that lightning jumps can precede severe weather by a
significant margin (Goodman et al. 2005; Gatlin and Goodman 2010; Schultz et al. 2011).
Deierling and Petersen (2008) examined the relationship between total lightning and
updraft microphysical characteristics (via traditional and dual-polarization radar
variables) for storms from the High Plains region of eastern Colorado and western
Kansas and contrasted those findings with those found in storms in northern Alabama.
They found that, regardless of the region, updraft size and speed must be sufficiently
strong in the mixed phase portion of the cloud in order to produce the requisite
microphysical and subsequent electrical properties. Figure 2.8 shows Deierling and
Petersen (2008) analysis of a supercell thunderstorm and relates the total lightning flash
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rate to both precipitation ice mass and updraft volume above the -5⁰C level. Findings of
this nature indicate that changes in updraft characteristics will manifest themselves in
changes in the total lightning flash rate and thus changes in the flash rate can be used to
assess the strength of the updraft and, by extension, the potential for CIT.
Radar is the most widely accepted and longest operating instrumentation for
diagnosing thunderstorm strength, but, as indicated above, knowledge of the total
lightning behavior within a thunderstorm is also a useful indicator of updraft
characteristics. Information from radar and lightning detection networks should be
complementary data sets at a fundamental level. Goodman et al. (2005) used LMA data
to examine the behavior of total lightning in an airmass/ordinary thunderstorm as well as
within convective cells associated with a fall tornado outbreak. They compared the total
lightning behavior in both types of cells to WSR-88D radar data to confirm the assertion
that lightning and radar are generally complementary indicators of updraft strength.
Goodman et al. (2005) showed that increases in total lightning within a thunderstorm
corresponded with increases in radar intensity metrics and with the possibility of severe
weather at the surface. Details regarding the lightning and radar analysis of their airmass
thunderstorm case are shown in Figure 2.9 and illustrate that changes in lightning and
radar convective metrics are correlated via changes in the updraft. As such, lightning can
be used to augment more traditionally accepted remote sensing platforms like radar and
satellite data or it can function on its own as a measure of convective intensity in regions
where radar coverage is poor or nonexistent. In a study conducted by Maddox et al.
(2002) it was shown that there are significant gaps in radar coverage at low levels over
the western United States. Some studies have outlined methods to translate information
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from lightning networks into proxies for commonly used radar parameters. One such
study by Iskenderian (2008) outlined a situation in which aviation dispatchers were
without access to traditional radar data for non-trivial amounts of time. They state that,
“Lightning data could provide benefit in filling in the gaps in NEXRAD coverage.”
Weber et al. (1998) also found modest correlations relations between lighting and radar
parameters like Vertically Integrated Liquid (VIL). Similarly, in a conference paper by
Liu and Heckman (2010), which uses the Earth Networks Total Lightning Network
(ENTLN) data, found encouraging results by using total lightning information to
highlight and forecast the motion and severity of thunderstorms.

Figure 2.8: Adapted from Deierling and Petersen (2008) showing the mean total
lightning flash rate (solid black), precipitation ice mass above -5⁰C (dotted grey), and
updraft volume in cubic meters above -5⁰C (w5) for a supercell thunderstorm from July
2000.
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Figure 2.9: Adapted from Goodman et al. (2005) with the top panel showing the time
variation of radar properties (VIL, 30 dBZ echo tops and radial velocity difference) as
observed from the KHTX radar. The bottom panel shows the time series of LMA-derived
total flash rate and NLDN-based positive and negative CGs. The “W” found in each plot
indicates the time of a severe wind report.

2.5 Aviation in Convective Environments
Several studies have examined pilot behavior in regions affected by
thunderstorms. Studies by Rhoda and Pawlak (1999) and Rhoda et al. (2002) outline
pilot behavior while in close proximity to convection and found that the “fly/no fly”
decision is well correlated with a small number of weather variables. Three dimensional
radar data was shown to be the best correlated with whether or not a pilot would choose
to deviate around or penetrate a convective feature. Rhoda and Pawlak (1999) examined
pilot behavior near their landing airport and while flights were still relatively far (>20
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km) from the terminal, they found that radar reflectivity > 51 dBZ showed the best
correlation with pilot deviation and VIL > 6 kg m-2 was also very well correlated with a
pilot’s decision to deviate. Interestingly, these correlations were only applicable at longer
ranges and the study found no correlation between pilot deviation and weather variables
at close range (<20 km) to their destination airport. Instead, Rhoda and Pawlak (1999)
found that the vast majority of encounters resulted in aircraft penetration of weather
features when near the terminal. Aircraft were found to be more likely to penetrate than
deviate if:
1. The aircraft in question was following another aircraft,
2. The aircraft was more than 15 minutes behind schedule,
3. The aircraft was flying after dark.
Reasons for the vast increase in weather penetrations near the airport largely revolve
around the fact that there are numerous aircraft in the vicinity that can alert pilots to
hazardous weather conditions. In addition, Rhoda and Pawlak (1999) posit that aircraft
deviations near the airport can result in an aircraft losing its place in the landing order
which requires an aircraft to go to the back of the line and likely would result in another
encounter with the same weather feature that caused the original deviation. Interestingly,
the study also examined NLDN CG lightning data and found that pilots were less likely
to deviate around lightning producing convection at night than they are during the day.
Possible explanations for this abnormal behavior offered in the study include: increased
visual information regarding storm intensity is available to pilots during daylight hours,
and that perhaps it is difficult for a pilot to discern the exact location of the lightning at
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night. Figure 2.10 outlines common radar characteristics (reflectivity and VIL) and their
associated hazards that were used in Rhoda and Pawlak (1999).

Figure 2.10: Adapted from Rhoda and Pawlak (1999) NWS storm intensity levels with
associated typical radar reflectivity and VIL values. Potential effects associated with
these thresholds, including turbulence, are also listed.

A related study by Rhoda et al. (2002) compared pilot storm avoidance behavior
during en route portions of their flight to those of pilots in terminal airspace. The study
found that, while en route, pilots almost never penetrated precipitation with a NWS level
greater than 2 (Figure 2.10) which corresponds to radar reflectivity of between roughly
30-40 dBZ and VIL between ~1-3.5 kg m-2; while these types of penetrations were found
to have occurred “hundreds of times in terminal airspace.” Pilot deviations while en
route can result in much longer flights and increased fuel costs if the route is completely
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blocked by convection. However, if the convection is relatively isolated it is not difficult
for en route pilots to make small course deviations well in advance of the dangerous
weather that only result in minor losses of time and increased fuel costs (Rhoda et al.
2002). The same study also found that pilots will not avoid flying over developing
thunderstorms if they are more than 5000 ft above the cloud boundary in spite of the
recommendations from the FAA.
Weber et al. (2006) conducted a study to examine ways to improve air traffic
management techniques in the vicinity of thunderstorms and they concluded that,
“Current technology cannot provide reliable, long term forecasts of the aviation impact of
thunderstorms.” The study also found that even when good short-term convective
forecasts are available they are seldom assimilated and utilized effectively by air traffic
controllers and dispatchers. A better-safe-than-sorry approach is often the correct course
of action but air traffic managers were found to be overly conservative in their
application of delaying procedures for aircraft in convective environments. Air traffic
planners have indicated the need for roughly a doubling of air capacity in the next 20
years (Weber et al. 2006) and corresponding increases in aviation forecast accuracy and
temporal resolution will be required. Currently the National Oceanic and Atmospheric
Administration’s (NOAA) Aviation Weather Center (AWC) issues the Collaborative
Convective Forecast Product (CCFP) every 2 hours for 2, 4, and 6 hours ahead in time.
The CCFP is a graphical representation of potential areas of convection but there have
been issues translating this graphical output into associated real-world reductions in air
space capacity, with low confidence and or low convective coverage forecasts being
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falsely interpreted as “no fly zones” (Weber et al. 2006). Shorter term guidance products
from AWC include:
1. The National Convective Weather Forecast (NCWF) product which forecasts
from 0-1 hours into the future,
2. Terminal and Regional Convective Weather Forecasts (TCWF and RCWF)
which detail the small scale weather features of greatest impact in and near
specific airports.
These forecast products have been shown to provide significant air traffic capacity
benefits (Robinson et al. 2004) as both are able to capture the convective characteristics
(morphology, linear orientation, etc) that are of extreme importance to aviation and are
largely lacking in area-of-probability type forecasts (Weber et al. 2006).
The studies outlined in this section suggest that there is still a long way to go
towards improving aviation-specific convective forecasts but the inclusion of data from
remote sensing platforms like LMA and eventually the GLM will help to inform air
traffic planners as to the location and threat posed by thunderstorms and the best
approach to avoid their impacts.
2.6 Research Objectives
Lightning is, by definition, a feature in all thunderstorms and since thunderstorms
have been shown to be responsible for a significant fraction of aviation turbulence
encounters the goal of this study is to examine the relationships between lightning and
observed turbulence. With the background detailed above in mind we will begin by
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identifying flights that experienced significant (moderate or greater) EDR turbulence
while within 150 km of the NALMA center. For a selected group of these flights we
will:
1. Explore the relationship between observed LMA flash rates and commonly
accepted radar metrics of convective intensity to test the assertion that lightning,
when present, is a suitable proxy for updraft location and strength. Additional
motivation is to explore any potential of combined radar and lightning data to
diagnose CIT potential.
2. Test the hypothesis that turbulence is of greater magnitude and likelihood when
the horizontal separation between aircraft and convective cores (as indicated by
LMA flash initiations) is reduced. A similar analysis using data from GLM proxy
will also be included for comparison to examine any effect from decreased
resolution and greater source number criteria of GLM data.
3. Explore the efficacy of the FAA guidelines regarding the separation between
aircraft and convection by examining aircraft turbulence against lightning flash
rates at varying distance radii from the aircraft.
4. Use spatial location information provided by EDR data to define current and
future aircraft positions and then examine lightning flash rates and distance to
flash initiations from all of these positions for predictive signals that lightning
may provide in warning of turbulence potential and magnitude.
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CHAPTER III

Data and Methodology

The data and methodology sections will outline the various datasets that are
analyzed herein as well as detail the approach followed to arrive at the results found in
chapter 4 of this study. Specifics regarding the manipulations of relevant data will be
outlined below. General motivation and specific criteria for case selection will inform
the reader as to how this study was conducted.
3.1 Data
The present study necessarily involves the exploration and manipulation of a wide
range of meteorological and aviation information including lightning, radar, and
turbulence datasets.
3.1.1 Lightning Data
Total lightning data were primarily observed with the North Alabama Lightning
Mapping Array (NALMA) which has been operated by NASA continuously since 2001
(Goodman et al. 2005). The NALMA is a 3 dimensional VHF TOA network consisting
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of 10 sensors dispersed across northern Alabama with a base station located at the
National Space Science and Technology Center (NSSTC) on the campus of the
University of Alabama in Huntsville and details can be seen in Figure 3.1 (Koshak et al.
2004). Each station records the strength and time of the lightning radiation signal in
successive 80 μs time windows within a local unused television channel-5 at a frequency
range of 76-82 MHz (Goodman et al. 2005). The NALMA uses precise time
synchronization afforded by on-board GPS technology to independently compute the
arrival time of electromagnetic radiation at each station using the following formula
described in Thomas et al. (2004):

(
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)

(

)

(

) .

(3.1)

In this equation c is the speed of light in a vacuum while xi, yi, zi, and ti correspond to the
latitude, longitude, altitude, and time at station i when the radiation is detected, while x,
y, z, and t indicate the location of the radiation source. With data from at least 4 LMA
stations one can determine the 4 unknown location variables but typically data from 6 or
more stations are used to increase confidence in source location and help to mitigate
errors from noise. A schematic showing VFH TOA techniques can be found in Figure
3.2. Typical location errors within 150 km of the network center are on the order of 50 m
in the horizontal and 100 m in the vertical, with location errors increasing with the square
of the range from network center at distances greater than ~150 km (Koshak et al. 2004).
While overall in-network flash detection efficiency is excellent, the aforementioned
location errors at large ranges can result in degradation of detection efficiency (Rison et
al. 1999). For these reasons the current study will only examine flights that occurred
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within 150 km of the NALMA network center. After sources are detected in space and
time, these source-level data are then “decimated” by identifying the peak radiation pulse
in a 500 μs window. These decimated data are transmitted to the NSSTC for use in realtime lightning detection operations at NASA as well as to regional National Weather
Service Weather Forecast Offices (NWS WFO). Decimation of raw source data allows
for significant reductions in transmission cost while still allowing sufficient information
regarding flash characteristics and trends to be retained (Goodman et al. 2005). The
complete (i.e. non-decimated) data are retained at each individual station and are
periodically retrieved and quality controlled resulting in a “post processed” dataset
suitable for use in research. This study makes use of the NALMA non-decimated data
set.
Both decimated and non-decimated VHF source data typically require some
manipulation in order to be useful to operational weather forecasters and research
entities. Sources must be grouped, via temporal and spatial thresholds, into flashes in
order to assess the flash rate and the time varying trends in the flash rate. Specific
information on the overall location accuracy of the network has important implications on
flash clustering (Koshak et al. 2004).
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Figure 3.1: Adapted from Gatlin (2006) showing the placement and orientation of
sensors in the NALMA network (+), the center of the NALMA network is at the NSSTC
(diamond). Also shown is the location of the KHTX WSR-88D radar (asterisk). Blue
range ring is 160 km radius from the NALMA center.

Figure 3.2: Adapted from Thomas et al. (2004) showing how radiation emission sources
are located in space and time using TOA techniques.
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Each LMA network has different sensor geometry so a flash clustering algorithm
tailored to each particular network is beneficial. McCaul et al. (2005, 2009) developed a
flash clustering algorithm for use with the NALMA. This algorithm first groups together
those VHF sources that occur within 0.3 seconds and 0.05 radians of azimuth which have
been shown to be the smallest criteria that did not result in suspicious increases in flash
counts. A distance criterion is also required for accurate flash clustering and its value is
dependent on the distance from the LMA network center to the radiation source because
location accuracy varies with distance from the network centroid. The McCaul algorithm
does not impose an upper limit on the amount of time that a flash can last but results from
this algorithm are comparable to those found using other similar algorithms. McCaul et
al. (2009) state that this algorithm actually may slightly undercount the number of flashes
when compared to other algorithms which confirms that the open-ended flash time
attribute does not artificially inflate flash counts.
Flash clustering algorithms do not impose a minimum number of sources per
flash. Therefore, it is necessary to select and implement a “sources per flash” limit in
order to reduce the inclusion of single source flashes (singletons) that are likely
associated with noise being interpreted as legitimate radiation from lightning. For this
study a threshold of 8 sources per flash was implemented to eliminate the inclusion of
suspect flashes with fewer sources per flash. Wiens et al. (2005) demonstrated that there
is little effect on trends in flash rate when a minimum source threshold for flashes was
used but it should be noted that any limit on the amount of sources per flash will affect
the flash count and thus the magnitude of flash rates. Flash rates for this study were
calculated by finding the total number of flashes within the FAA 20 nmi aircraft radius
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that occurred between the current and subsequent EDR report time. In cases where EDR
reports were missing due to quality control measures the flash count was divided by the
time interval separating the current and the next valid EDR report.
In order to test the findings in this study at GLM resolution we will utilize data
from the GLM proxy (Bateman et al. 2008). This product uses a combination of LMA
and LIS lightning data in order to make a statistical best guess as to what the GLM will
detect when launched. The GLM proxy algorithm matches LMA source data with a
database of prior LIS flashes to produce estimates of flash characteristics at 8 km2
resolution. In cases where both the NALMA and the LIS detected flashes at the same
time and place it was found that only LMA flashes with 30 or more sources routinely
registered on the LIS (Proch 2010). Since the current study is most concerned with LMA
flash initiations and their association with updraft location we will only be utilizing flash
initiations from the GLM proxy. These data will likely differ from native LMA data in
overall flash count and rate due to more stringent source per flash criteria and will differ
in spatial location as a result of courser 8 km2 resolution of the GLM proxy.
In addition to NALMA VHF data this study also examines data from ENTLN in
order to compare it to the findings from LMA as well as to explore a potential second
pathway to operations. ENTLN is a ground-based TOA detection network consisting of
over 700 sensors that continuously detects lightning in the 1 Hz-12MHz range (ENTLN
2012). This exceptionally wide frequency range permits the detection of both IC and CG
lightning (Liu and Heckman 2010). ENTLN is a relatively new network with most
sensors coming online in 2010 and expanding further thereafter. In areas of high sensor
density, ENTLN has total lightning detection capability but in areas with low sensor
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density the network favors the detection of CG flashes (Thompson 2013). Receiving
stations capture and record complete wave forms and transmit them to the central
processing station where Earth Networks claims that this rich signal information allows
for estimation of peak current and excellent purported detection efficiency, with up to
95% of ICs detected in some sensor-dense areas (Liu and Heckman, 2010). For this
study we used internally quality controlled data from ENTLN and implemented a flash
clustering scheme, similar to what is outlined by Cummins et al. (1998) for NLDN data,
which determines flashes from stroke and pulse information. Flash data from ENTLN
will be included for comparison with NALMA and GLM proxy data.
3.1.2 Radar Data
Radar data is a widely accepted and utilized tool to assess convective intensity.
Reflected radiation can reveal precipitation distribution and intensity as well as provide
information on the radial velocity of precipitation particles. Additionally, meteorologists
can glean a wealth of information regarding the vertical structure of convection through
the examination of radar data at varying heights above ground. Radar derived products
like Vertically Integrated Liquid (VIL; Greene and Clark 1972) allow for rapid
assessment of three-dimensional (3D) precipitation distributions in an easy to read twodimensional (2D) display. VIL uses radar reflectivity at various heights to infer liquid
water content in a column from the bottom of the radar echo to the top. Equation 3.2
details how VIL is computed in Greene and Clark (1972):

∫
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h,

(3.2)

where top signifies the height of the tallest sampled radar echo, base corresponds to the
lowest height of the sampled radar echo, dh is the vertical distance between top and base,
and z is the linear unit value of radar reflectivity (mm6m-3). The calculation of VIL
necessarily requires some assumptions regarding the precipitation drop size distribution
(DSD) in order to relate radar reflectivity to water content. Greene and Clark (1972)
assume a Marshall-Palmer exponential DSD in the calculation of VIL (Marshall and
Palmer 1948). It should also be noted that VIL calculations do not differentiate between
liquid and solid hydrometeors and their associated differences in radar reflectivity that
result from variations in the dielectric strength of each water phase. Rapid increases in
VIL have been shown to correlate with increases in storm strength and as such aviation
interests have used VIL as a benchmark for convective intensity and will be examined in
the present study (Lakshmanan 2007). For the purposes of this study we will reference
Figure 2.10 adapted from Rhoda and Pawlak (1999) to define useful ranges of VIL, and
define significant VIL as greater than 10 kg m-2.
Maximum Expected Size of Hail (MESH) is another radar-derived parameter that
will be utilized in this study for comparison with LMA flash data. Computation of the
MESH parameter relies on the second generation Hail Detection Algorithm (HDA),
which calculates a parameter called the Severe Hail Index (SHI) that uses 3D radar
reflectivity information in conjunction with environmental or model-derived vertical
thermal profiles to assess hail likelihood and size. The computation of SHI is dependent
upon a radar reflectivity-to-hail relationship that filters out lower reflectivity values that
are most commonly associated with liquid hydrometeors. The SHI also utilizes
environmental temperature data to limit calculations to only those radar reflectivity levels
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believed to be at temperatures below freezing (Witt et al. 1998). Calculation of MESH
(in mm) is then preformed as a function of SHI.

(

)

(3.3)

Further details concerning the HDA, SHI, and MESH and how each are calculated can be
found in Witt et al. (1998). National Weather Service severe hail is 1 inch (25.4 mm) or
larger in diameter. Aviation interests are concerned with hail of any size so this study will
consider hail of diameter greater than 10 mm significant. Since MESH is based on the
vertical profile of radar reflectivity, it, like VIL, also functions as a quick 2D
representation of 3D radar information.
Archived level II radar data for this study were obtained from the NOAA’s
National Climatic Data Center (NCDC) for the five WSR-88D radars closest to the
NALMA: Hytop, AL (KHTX), Calera, AL (KBMX), Columbus Air Force Base, MS
(KGWX), Old Hickory, TN (KOHX), and Peachtree City, GA (KFFC). These data were
converted from level II format to NETwork Common Data Form (NETCDF) using the
Warning Decision Support System Integrated Information (WDSS-II) software package
(Lakshmanan et al. 2007). This software allows the user to effectively merge data from
multiple radars onto a single grid to form a “virtual volume”. Latitude, longitude, and
height grids centered on the NSSTC were created with 1 km grid spacing in both the
horizontal and the vertical dimensions and data from all five radars were used to populate
this grid. By using data from multiple radars it is possible to significantly improve upon
the time it takes a single radar to complete a full volume (~5 minutes); with some virtual
volume time steps requiring as little as 2 minutes. Merging data from area radars also
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reduces or eliminates single radar geometry issues like the “cone of silence”
(Lakshmanan 2007). Radar-derived products like VIL and MESH can suffer from the
poor spatial resolution of single radars and are subject to the same scanning geometry
issues associated with other radar observables. It should be noted that since VIL and
MESH depend on the height of the radar reflectivity echoes, the calculation of these
parameters from multiple, merged radars can differ from calculations that are based on
data from a single radar. However, it can be argued that the VIL and MESH estimates
from merged radars are a more accurate representation of the radar targets in a column
than those calculated from a single radar simply as a result of including more complete
radar data (Lakshmanan 2007). The degree of improvement over single radar data will
be contingent upon the distance to the radars used in the merger and the exact location of
the target storm but it is safe to assume that the merged products will, at least, be no
worse than the calculations from a single radar. For reference the distances of the 5
radars used in the merged product from the center of the NALMA are listed in Table 3.1.
Table 3.1: Merged radars and their distance from NALMA center.

Radar ID
KHTX
KOHX
KGWX
KBMX
KFFC

Distance from
NALMA center (km)
56
170
180
173
240
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3.1.3 Eddy Dissipation Rate Data
Peak EDR data were obtained from NCAR for 2010 and 2011. Only flights
within 150 km of the center of the NALMA were considered to maximize the location
accuracy and detection efficiency of LMA data. In addition, some further quality control
measures were applied to the EDR data to minimize erroneous turbulence reports that
may have resulted due to deliberate, controlled changes in aircraft altitude. These
additional measures exclude the following types of data:
1. All EDR reports from below 20,000 ft.
2. All EDR reports that were determined to be from either ascending or
descending legs of a flight (flagged and removed if total ascent or descent was
greater than 5000 ft over 15 minutes), and EDRs which indicate a change in
altitude of greater than 333 ft min-1.
The vast majority of flights that met the above criteria were associated with flights
operated by Delta Airlines. Delta has its main hub at the Atlanta Hartsfield Jackson
International Airport and flights to and from this hub make up the vast majority of EDRreporting flights in the Alabama region during the 2010-2011 period. Due to the close
proximity of Huntsville and Atlanta there are some flights that appear to begin or stop
reporting abruptly, this is a symptom of the aforementioned EDR altitude quality control
measures as aircraft begin descent to or complete ascent from Atlanta airspace.
Peak EDR data are normalized to values between 0.05 and 0.95 (in 0.1
increments) and are preferable to median EDR values because they provide a good
indication of the hazard to aircraft and are better distributed over the turbulence severity
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reporting bins (Lane et al. 2012). There is conflicting information on exactly what EDR
values correspond to which level of turbulence (light, moderate, severe). Since these
descriptors were designed for use with subjective, aircraft dependent PIREP data it may
not always be beneficial or consistent to assign these descriptors to EDR turbulence
information. However, for the purposes of this study we will follow the convention
recommended by Sharman and Williams (personal communication, 2013) which is also
used in Bedka et al. (2010) and detailed in Table 3.2. Only flights that reported MOG
turbulence and met the above criteria are explored herein.
Table 3.2: Turbulence Levels and EDRs
Turbulence
None
Light
Moderate
Severe

EDR Range
EDR ≤ 0.05
0.05 < EDR ≤ 0.25
0.25 < EDR ≤ 0.45
EDR > 0.45

3.1.4 Case Selection
Relatively few cases met the MOG and LMA proximity criteria and of the cases a
total of 8 case days and 19 flights were selected. These cases do, however, encompass a
range of seasons and convective morphologies and include flights in which MOG
turbulence was encountered but there was no lightning in the FAA recommended 20
nautical mile buffer zone. Table 3.3 outlines some of the pertinent meteorological
parameters for each day and flight. Data used to populate Table 3.3 came from the Storm
Prediction Center’s (SPC) mesoanalysis archive (Mixed Layer Convective Available
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Potential Energy and Effective Bulk Shear), flight timing and location data were gleaned
from EDR reports, and lightning data were extracted from NALMA data. The total
flashes column was calculated from NALMA data for the entire domain (150 km radius).
This total number of flashes was then divided by the time length of the EDR track to
arrive at the estimate of flash rate over the entire NALMA domain. These data were
included to offer some indication as to the lightning-based convective vigor across the
NALMA effective domain during the time each flight had qualifying EDR data. Further
details on the meteorological conditions for each case will be explored in chapter 4 of this
paper.
Table 3.3: Meteorological Parameters for Cases
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3.2 Methodology
The approach employed in this study differs from other experiments that track the
location, strength, and trends of individual or associated convective cells. Instead, this
study seeks to examine the total lightning and radar properties that occur around the
EDR-reporting aircraft in an attempt to quantify the convective turbulence threats. This
aircraft-centric, Lagrangian approach will highlight the conditions in the aircraft’s
vicinity on flights in which MOG turbulence was experienced. In the course of
conducting related research it was observed that aircraft were close to, and in some cases
extremely close to, radar and total lightning indicated convective cores. As previously
mentioned, the FAA provides guidelines for aircraft to follow while in the vicinity of
active convection. These guidelines are, just that, guidelines, and not hard-and-fast rules
that are required to be followed. That being said, it appears that these guidelines were
often not heeded and resulted in turbulence that could have otherwise been avoided had
the guidelines been adhered to more closely. Utilization of lightning flash location data
is an excellent method to assess the separation between aircraft and convective threats.
The inclusion of EDR data has provided a unique opportunity to examine how
convective metrics change while an aircraft is in close proximity to convection. Every
minute, EDR data provide spatial information on aircraft location in addition to
turbulence magnitude. The aircraft time and space information included in EDR data
allow for the calculation of the distance between the aircraft and lightning features in
order to explore the relationship between observed turbulence and proximity to
convective updrafts.
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The FAA recommends a 20 nautical mile horizontal separation between aircraft
and suspected strong convection. For this study we have examined the lightning
properties that fall within this moving horizontal buffer zone. To assess the sensitivity of
the study results to this analysis radius, we examined lightning properties when we
halved (10 nmi) or doubled (40 nmi) the recommended buffer zone.
There are many varied characteristics of LMA data that can be examined to
diagnose the threat posed by thunderstorms, including: source location information, flash
initiation locations, flash rate, and trends in flash rate. The mere presence of lightning
gives some indication as to the depth, strength, and turbulence generating potential of
convection (Deierling and Petersen 2008). The updraft is the key to lightning and
turbulence generation and as such any lightning properties that highlight the location and
intensity of the updraft are particularly well suited for use in this study. To this end, this
study has primarily examined the spatial distribution of LMA flash initiations and flash
rates since flashes typically begin in areas with strong electric fields between major
charge reservoirs and can therefore be used as an analog for updraft location. The
distance from aircraft to individual LMA sources was also considered for further analysis
but since a number of our cases feature spatially extensive MCSs that are known to
contain flashes of extreme horizontal extent it is believed that the distance from the
aircraft to an LMA source location will not always provide a good estimate of updraft
location, and consequently these results will not be detailed in this study. In addition to
the LMA variables listed above we have examined the related GLM proxy initiation and
flash rate data at 8 km2 resolution to quantify how changes in resolution might affect
these findings.
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Using EDR data has also provided the unique opportunity to examine lightning
characteristics at positions where the aircraft will be in the future. In this way we can
assess the lightning characteristics at future positions to test whether there is any
predictive capability to these lightning data by measuring them against the turbulence
experienced by the aircraft when it reaches these positions. Both flash rate and distance
to flash initiations are examined ahead of the aircraft to gauge any potential predictive
signals which may indicate turbulence.
In an effort to confirm that flash initiations are well correlated with other
convective intensity metrics we have examined the maximum value of both VIL and
MESH within the 20 nautical mile radius and plotted them against the flash rate in the
aircraft’s vicinity.
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CHAPTER 4

Results

Lightning, radar, and turbulence data are examined over 8 case days
encompassing 19 individual flights that featured MOG turbulence within 150 km of the
center of the NALMA. Given this relatively small number of cases, the general
meteorological conditions for each day are outlined along with upper air sounding data in
order to orient the reader as to the likely morphology and strength of the convection.
Cases will be explored chronologically based on the month in which they
occurred (January-June) and one particularly relevant flight from each case day will be
examined in detail. Plots showing the aircraft position, the recommended horizontal
buffer of 20 nmi, and turbulence magnitude are overlaid on low level radar reflectivity
with LMA flash initiations to illustrate aircraft proximity to radar and lightning indicated
features. Gridded VIL from merged local radars is also shown for comparison. In order
to test the aircraft-centric relationship between flash rate and turbulence as well as the
efficacy of the FAA separation guidelines, a combined plot showing the lightning flash
rate occurring in 10 nmi, 20 nmi, and 40 nmi radii from the aircraft are plotted against
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EDR magnitude to determine which buffer radius offers the best correlation with the
turbulence experienced. Unless otherwise indicated, all plots will be concerned with
properties falling within the FAA recommended 20 nmi horizontal buffer. With the
convective environment in mind, plots showing the specific lightning (flash rate) and
radar characteristics (max VIL and MESH) as they relate to distance from the aircraft are
shown to confirm the utility of lightning as a gauge of updraft location and intensity.
Numerous studies (detailed in previous sections) have found that as an aircraft nears an
area of convection their chance of experiencing turbulence increases. To explore these
findings in our cases, the distance from the aircraft to LMA initiations is examined
against EDR data to assess the correlation between proximity to convective updrafts and
turbulence. The final portion of each analysis examines the lightning characteristics
(accumulated flash initiations and minimum distance to flash initiations) along the future
flight path of the aircraft to explore any predictive capabilities that lightning data may
offer in warning aircraft of the turbulence threat.
4.1 January 24th, 2010
The environmental parameters for this day were characterized by strong
kinematics and very weak thermodynamics resulting in the “high-shear-low-CAPE”
senario routinely found across the southeast in the winter months. A deep 500 millibar
closed low was centered over the Dakotas with troughing extending south to the Texas
gulf coast. Broad southwesterly flow on the order of 50-100 kts was present over a large
portion of the southeastern CONUS. At lower levels there was a 60-70 kt southerly low
level jet responsible for transporting rich Gulf of Mexico moisture northward into the
Alabama region. Atmospheric buoyancy was very low across northern Alabama with
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MLCAPE less than 250 J kg-1 (see Table 3.2 for further details) with more robust
instability confined to the immediate Gulf Coast region. Figure 4.1 outlines the 12 UTC
sounding from Birmingham, AL where strong winds and near zero instability through the
column were sampled. Convective morphology was generally characterized by
widespread stratiform rain with embedded heavier precipitation elements. All of these
features were generally moving in a west-to-east fashion over the course of the day.
Given the weak thermodynamic environment there were very few lightning
flashes in the NALMA domain on this day but there were, however, four flights that
experienced MOG turbulence in the vicinity of northern Alabama. Three of four flights
experienced moderate turbulence while no lightning was detected within the FAA
recommended 20 nmi buffer around the aircraft. These cases illustrate that lightning data
are not a perfect measure of CIT potential. Of particular interest is the one flight that
experienced MOG turbulence while lightning was occurring nearby and this particular
flight will be examined in detail below.

Figure 4.1: Birmingham (BMX) Upper Air sounding from Jan 24th, 2010 at 12 UTC.
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Delta Airlines Flight 2007 (16:54-17:17 UTC):

Figure 4.2: Low level reflectivity from KHTX, LMA flash initiations from the 6 minutes centered on the
radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and color-coded aircraft location turbulence
magnitude (diamonds with a + in the center to help differentiate diamonds from similarly colored radar
reflectivity; black=none, green=light, yellow=moderate, red=severe turbulence) for Delta Flight 2007 at
17:06 UTC.

Figure 4.3: Merged VIL and approximate aircraft track (red) for DL2007 at 17:05 UTC.
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Delta Airlines flight 2007 (DL2007) is a particularly relevant case for this study.
As outlined above, this day was characterized by a very weak thermodynamic
environment resulting in very few lightning flashes across the NALMA domain. This
particular flight was the only MOG flight of the day that had lightning within 20 nmi of
the aircraft. Of note in Figure 4.2 is the single +, indicating an LMA flash initiation,
between the two yellow moderate turbulence diamonds. This particular cell had a history
of producing lightning flashes in the minutes leading up to the moderate turbulence
reports. There is little evidence for strong convection as shown in Figure 4.3 with VIL
ranging from 1 kg m-2 in the weakest regions to 6 kg m-2 in the stronger elements
(reference Figure 2.10 for exact VIL intensity thresholds). The simple fact that this
particular cell was strong enough to produce lightning serves to differentiate it from other
cells in the region when both radar reflectivity and VIL show little indication that this cell
is any more robust than others in the vicinity.
Figure 4.4 details the effects of varying size of the recommended buffer between
aircraft and convection. At the smallest radius (10 nmi) there are no detected lightning
initiations around the aircraft. This finding may be confusing in light of Figure 4.2 which
shows an indication of lightning seemingly very close (i.e less than 10 nmi) to the aircraft
position. This discrepancy can be explained by the fact that the lightning initiations
plotted in Figure 4.2 are from the 6 minutes that surround the radar scan time from
KTHX. In this case, the lightning flash happened while the aircraft was still more than
10 nmi from the lightning. Similar considerations must be made when viewing plots
similar to Figure 4.2. At the FAA recommended radius of 20 nmi from DL2007 there are
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a few detected flashes leading to a flash rate of 1 and 2 flashes min-1. These flashes are
reasonably collocated with the maximum in turbulence as shown in Figure 4.4.
Increasing the radius to 40 nmi has no effect on the flash rate and therefore one can
conclude that this was the only flashing storm in the vicinity of the aircraft.

Figure 4.4: Presented here are the EDR turbulence measurements and flash rates at
varying distances (10, 20, and 40 nmi radii) from DL2007.

75

Figure 4.5: LMA flash rate and Max VIL and MESH for DL2007 during the time of
MDT reports.

Figure 4.5 outlines the radar properties within 20 nmi of the aircraft and plots
them along with the flash rate for comparison. Values for VIL spike concurrently with
the first flash rate increase at 17:04 UTC. The increase in VIL occurs slightly before the
flash rate increases which is to be expected as the aircraft will likely encounter gradients
in radar properties commensurate with the updraft before encountering flashes generated
near the core of the updraft. The second spike in flash rates at 17:06 UTC occurs while
VIL is decreasing from a peak of 13 kg m-2. As the aircraft exits the area, VIL and
MESH found in the radius quickly decrease to zero.
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Figure 4.6: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL2007.

Figure 4.7: Distance in nmi from aircraft to LMA flash initiations (black) and EDR
turbulence magnitude (red) for DL2007.
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Flash rates were computed using a variety of networks and methods and are
detailed in Figure 4.6. All lightning products detect flashes at the same times for this
case. Interestingly, ENTLN detects twice as many flashes as either the LMA or the GLM
proxy did for this case. Distance from the aircraft to indicated flash initiations is outlined
in Figure 4.7. The greatest turbulence actually occurs just before the time range shown in
this plot but there is little indication that the distance to the flash has any correlation with
the turbulence magnitude in this case since the distance to the flash is roughly constant
over the time range shown in Figure 4.7. Data from the GLM proxy were not included
on this plot because no flashes near this flight met the 30 LMA source minimum criteria
imposed by that product.
Figures 4.8 and 4.9 examine the prevalence and characteristics of lightning at
each EDR position of DL2007 even when the aircraft is not necessarily occupying that
position. Figure 4.8 shows the total number of flashes that were initiated within 20 nmi
of each position over the entire flight duration. This plot indicates which locations
experienced the most lightning during the time the aircraft was traversing the area. It is
clear from the figure that the area with the most flashes (positions 11-15; all with at least
6 accumulated flashes) is largely collocated with the area in which the aircraft
experienced the greatest turbulence, registering an EDR value above 0.4 at position 13.
In addition, Figure 4.9 outlines the result when the minimum distance from each position
to these flashes is calculated. There is a clear minimum in this distance to flash
initiations at positions 12 and 13, with corresponding minimum distances of roughly 3
nmi, that is coincident with the greatest turbulence. So, not only were these locations
experiencing the most lightning but they were also the positions that were closest to the
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lightning initiations. Results of the type shown in Figures 4.8 and 4.9 could be extremely
useful in defining exactly which areas are the most likely to feature the greatest
turbulence, especially in light of the results in Figure 4.3.

Figure 4.8: Accumulated flashes at each EDR report position for the duration of DL2007
(bars) and aircraft EDR turbulence (red).

Figure 4.9: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL2007 and aircraft EDR turbulence (red) measured along flight path.
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It should be noted that while another flight (DL1167) did not have lightning
occurring within 20 nmi of the aircraft there were indications of lightning at positions
along the aircraft’s flight path that are reasonably collocated with the region in which the
aircraft experienced turbulence, Figure 4.10 details the turbulence and accumulated
flashes for this flight with an EDR of 0.38 corresponding to 1 flash at positions 1 and 2.

Figure 4.10: Turbulence (red) and accumulated flashes (bars) for the duration of DL1167.
4.2 February 28th, 2011
The convective environment on February 28th was largely characterized by zonal
upper level winds across the CONUS. A low amplitude short wave trough embedded in
the zonal flow at 500 millibars (mb) was approaching the Tennessee Valley from the west
as the day progressed. This trough, featuring southwesterly winds of 70 kts in central
Alabama and nearly 100 kts with northward extent into central Tennessee, offered upper
level support for convection. The 850 mb reflection of the upper short wave trough was
advecting Gulf moisture into the north Alabama region on southwesterly winds of nearly
60 kts which contributed to effective bulk shear of over 50 kts across the Tennessee
Valley (Table 3.3). Figure 4.11 shows the 12 UTC sounding from Nashville, TN which
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illustrates, in addition to the winds mentioned above, a wind speed of 155 kts at 200 mb.
Also of note in Figure 4.11 is the sampled Convective Available Potential Energy
(CAPE) of 864 J kg-1. This modest buoyancy in combination with very strong
environmental shear fostered the development of a strong linear convective system with
embedded rotating convective elements that traversed from west to east during the
afternoon hours. Lightning flash detections across the NALMA domain were
significantly higher than for the previous case day outlined in section 4.1 (see Table 3.3
for comparison). Eighteen tornadoes and over 200 episodes of wind damage were
reported across Kentucky, Tennessee, Alabama, Georgia, and the Carolinas during this
event.
A total of 4 flights experienced MOG turbulence on this day with 2 flights
registering MOG turbulence while in close proximity in space and time to each other
(DL0400 and DL1457). Since these two flights experienced turbulence in roughly the
same area and time we will examine the radar and lightning parameters around the flight
for which we have longer duration EDR data (DL0400) below.

Figure 4.11: Nashville (BNA) upper air sounding from 12 UTC on Feb 28th, 2011.
81

Delta Airlines Flight 0400 (17:48-18:01 UTC):

Figure 4.12: Low level reflectivity from KHTX, LMA flash initiations from the 6
minutes centered on the radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and
color-coded aircraft location turbulence magnitude (diamonds with a + in the center to
help differentiate diamonds from similarly colored radar reflectivity; black=none,
green=light, yellow=moderate, red=severe turbulence) for Delta Flights 0400 and 1457 at
17:50 UTC.

Figure 4.13: Merged VIL and approximate aircraft track (red) for DL0400 and
approximate aircraft track (black) for DL1457 at 17:56 UTC.
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Delta Airlines flight 0400 (DL0400) is one of many cases that show what can
happen when an aircraft attempts to “shoot the gap” between convective cells in a linear
system in lieu of diverting around the danger. Though, in this case, the convective line
does extend further south and west than is indicated by Figure 4.12 likely leaving the
crew with few viable deviation options. It should be noted that there are two flights
shown in Figure 4.12, DL0400 is indicated by the western-most group of turbulence
diamonds with further flight path clarification shown in Figure 4.13. It seems that the
pilots and or dispatchers may have been vectoring DL0400 between the two strong cells
further north and west as indicated by both increased lightning initiations and increased
VIL of roughly 20 kg m-2. Figure 4.12 shows sporadic lightning initiations in the vicinity
of DL0400 indicating that several convective cells in the larger area of precipitation are
turbulence threats. Figure 4.13 shows merged VIL at the time of the MOG turbulence
with the majority of the area immediately surrounding DL0400 characterized by VIL
values of less than 10 kg m-2. Lightning and radar are complementary data sets that tell a
similar story of relatively weak, but certainly not harmless, convection in the vicinity of
DL0400.
Figure 4.14 outlines the lightning initiations found by varying the radius from 10
to 20 to 40 nmi. Unlike the previous case day, DL0400 had lightning initiations detected
within 10 nmi of the aircraft which result in flash rates around the aircraft of 1 and 2
flashes per minute. When the lightning inclusion radius is increased to the FAA
recommended value of 20 nmi, these flash rates increase to a peak of 8 flashes per minute
at 17:56 UTC. Increasing the radius further to 40 nmi bumps the peak flash rate to over
20 flashes per minute.
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Figure 4.14: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL0400.

Figure 4.15: LMA flash rate (black) and Max VIL (red) and MESH (blue) for DL0400
during the time of MDT report.
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The 40 nmi radius plot seems to mirror the coincident increase in turbulence to the
greatest degree but both the 10 and 20 nmi radii would adequately indicate the threat
while only including flashes that are initiated reasonably close to the aircraft. Of most
value in Figure 4.14 is the fact that DL0400 was at least twice as close to lightning
producing convection as is recommended.
Figure 4.15 shows that flash rate and maximum VIL trends largely mirror each
other as the aircraft approaches. Maximum VIL of 18 kg m-2 and maximum flash rate of
8 flashes per minute occur at roughly 17:56 UTC as the aircraft encroaches upon the
embedded convective elements. As mentioned in the previous case analysis, it is
reasonable for VIL to increase before and decrease after the peak in flash rate.
Like the previous case there are very similar trends when examining the lightning
detections from ENTLN, LMA, and the GLM proxy. Flash rate magnitudes are roughly
similar between LMA and GLM proxy with the proxy generally detecting less lightning
than the native LMA. For example, the LMA and GLM proxy have peak flash rates of 8
and 7 flashes per minute, respectively. This disparity is a result of two factors: the
difference between the minimum source criteria of LMA (8 sources for this study) and
GLM proxy (30 sources) means that LMA will include more flashes, and the coarser
resolution of the GLM proxy results in slightly different initiation latitude and longitude
values which can occasionally include or exclude flashes when compared to the native
LMA data.
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Figure 4.16: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL0400.

Figure 4.17: Distance in nmi from aircraft to LMA flash initiations (black), distance to
GLM proxy initiations, and EDR turbulence magnitude (red) for DL0400.

As with the first case in section 4.1, the ENTLN is detecting the most lightning (with a
peak flash rate of 16 flashes per minute), and it is suspected that the minimum source
criteria imposed on LMA data may be excluding low source flashes that ENTLN is
detecting.
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Data pertaining to the distance between the aircraft and the nearest lightning
initiation in LMA and GLM proxy data sets are detailed in Figure 4.17. The aircraft was
within 5 nmi of flash initiations during the first MOG turbulence encounter at 17:51 UTC
while the second moderate turbulence episode at 18:00 UTC was accompanied by a
roughly 15 nmi separation between the aircraft and the closest initiation. GLM proxy
distances concur with those found of the LMA with minor deviations that result from the
factors listed in the previous paragraph.

Figure 4.18: Accumulated flashes at each EDR report position for the duration of
DL0400 (bars) and aircraft EDR turbulence (red).
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Figure 4.19: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL0400 and aircraft EDR turbulence (red) measured along flight path.

Figures 4.18 and 4.19 detail the accumulated lightning at each EDR position and
the minimum distances to those flashes. In general the trends in accumulated lightning
follow the trends in measured turbulence but peaks in each parameter are offset with
position 6 indicating the most (80) accumulated flashes and a corresponding EDR value
of 0.25, while position 9 has only 10 accumulated flashes and is coincident with the peak
turbulence of 0.36. Similarly, Figure 4.19 shows the trend in minimum distance to flash
initiations is generally the inverse of the trends in turbulence suggesting that the EDR
positions with the lightning at the closest distances are an increased risk for turbulence.
However, the three peaks in EDR magnitude correspond to varying minimum distances
of roughly 1, 4, and 11 nmi respectively. The largest peak EDR of 0.36 occurs at position
9 when the minimum distance to flash initiation increases to over 10 nmi. This final peak
in turbulence is not well predicted by either the flash accumulation or minimum distance
metrics. Given the radar indications for convection and the potent synoptic environment
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it is unclear if the addition of lightning data would have significantly influenced pilot or
dispatcher decisions. However, the inclusion of an additional confirming data set could
increase confidence in the threat posed by this convection.

4.3 March 12th, 2010
The synoptic environment on this day was governed by an expansive closed low
at mid levels of the atmosphere centered over the Nebraska/Iowa border region with
broad troughing extending southward towards north Texas and Oklahoma. Robust winds
on the order of 50 kts at 500 mb coupled with relatively weak winds in the low levels of
the atmosphere resulted in respectable effective bulk shear of 30-40 kts, supportive of
organized convection. A wind speed max was rounding the base of the larger trough and
contributed to further forcing for upward vertical motion. Environmental buoyancy
across the LMA domain, however, was very limited and generally under 500 J kg-1.
Initially, convection blossomed in central Mississippi around 03 UTC and moved east
and northeast with time. Early convective mode featured discrete supercells owing to the
slightly stronger bulk shear and increased buoyancy found to the west of the Alabama
region. Numerous large hail reports were registered with this initial activity. As the
convection advected eastward the kinematic environment favored upscale growth into a
linear MCS and this evolution indeed took place as the convective complex neared the
NALMA domain.

Figure 4.20 shows the 12 UTC sounding from Birmingham, AL.

Distinct veering and strengthening of the winds with height and a nearly saturated moistadiabatic environmental profile below 700 mb are indications of the high-CAPE-low-

89

shear conditions in place across the study domain. Also of note in Figure 4.20 is the
sampled CAPE only on the order of 100 J kg-1.
Only one flight experienced MOG turbulence on this day within the NALMA
domain. This flight features the only instance of severe turbulence in this study and the
details of this Delta Airlines flight (DL1511) will be explored below.

Figure 4.20: BMX upper air sounding from 12 UTC on March 12th, 2010.
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Delta Airlines Flight 1511 (11:56-12:19 UTC)

Figure 4.21: Low level reflectivity from KHTX, LMA flash initiations from the 6 minutes centered on the
radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and color-coded aircraft location turbulence
magnitude (diamonds with a + in the center to help differentiate diamonds from similarly colored radar
reflectivity; black=none, green=light, yellow=moderate, red=severe turbulence) for Delta Flight1511 at
12:06 UTC.

Figure 4.22: Merged VIL and approximate aircraft track (red) for DL1511 at 12:10
UTC.
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Flight 1511 is another example of a horizontally extensive convective system that
forced pilots and airline dispatchers to try and find safe gaps between strong convective
cells. Aircraft deviation around this area of convection would likely have resulted in
significant costs in time and fuel. Figure 4.22 shows that there does indeed appear to be a
gap between stronger convective elements associated with elevated VIL. Merged VIL
data show values on the order of 10 kg m-2 directly under the aircraft flight track and
these readings are significantly less than the ~15-20 kg m-2 found in the stronger cell to
the west of DL1511’s flight path. From a purely radar perspective it would seem that the
gap navigated by DL1511 was the best option. The inclusion of data from the LMA in
Figure 4.21, however, does indicate that there were multiple lightning initiations in the
gap for which this flight was heading. Consideration of these data could have highlighted
the turbulence threat in this area.
For DL1511 it appears from Figure 4.23 that including flashes from the FAA
recommended 20 nmi radius agrees well with the peak in turbulence with a peak flash
rate of 16 flashes per minute occurring coincidently with an EDR of 0.40. The 10 nmi
radius does not include enough flashes to highlight the peak in turbulence and flashes
within 40 nmi are so numerous as to not give any indication of which area is most
dangerous. The agreement in trends and peaks between 20 nmi flash rate and radar
variables is very good for this case. Figure 4.24 shows that peaks in flash rate (16 flashes
per minute), VIL (15 kg m-2), and MESH (19 mm) all occur within two minutes of each
other; keeping in mind the offset between lightning and radar products as the aircraft
encroaches upon the gradients in VIL and MESH associated with convective cores.
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Figure 4.23: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL1511.

Figure 4.24: LMA flash rate (black) and Max VIL (red) and MESH (blue) for DL1511
during the time of MDT and SVR reports.
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Figure 4.25: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL1511.

Figure 4.26: Distance in nmi from aircraft to LMA flash initiations (black), distance to
GLM proxy initiations (blue), and EDR turbulence magnitude (red) for DL1511.
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Examination of the flash rates found by different lightning products in Figure 4.25
shows results similar to what has been found in previous cases with a few minor
exceptions. All networks show coincident peaks in flash rate 12:09 UTC with the native
NALMA data detecting 16 flashes per minute, followed closely by GLM proxy with 15
flashes per minute, and finally ENTLN with 10 flashes per minute. Given the extensive
convection on this day the aforementioned reasons for variation in lightning products still
apply. The close agreement between LMA and GLM proxy flash rates attest to the fact
that flashes in the vicinity of the aircraft likely included a relatively large number of
sources. This agreement can also help to explain the relative reduction in ENTLN flash
rates since flashes with large numbers of sources are not excluded by the LMA minimum
source criteria. Convection featuring relatively few sources per flash should tend to
inflate ENTLN flash counts with respect to flash counts from LMA data, as was likely
the case with the previous two flights.
Data from Figure 4.26 do show an inverse correlation between distance to nearest
initiation and turbulence. The smallest distance between the aircraft and initiation (3
nmi) occurs coincidently with an initial peak in turbulence at 12:07 UTC. The distance to
initiation is much larger (15 nmi) while the aircraft is experiencing its peak turbulence at
roughly 12:10 UTC but this separation is still 5 nmi closer than the recommended
separation value of 20 nmi. Significant differences exist between the LMA derived
distances and those calculated using the GLM proxy data but general trends between
products agree and distance calculations differ by only 2 nmi at the time of peak EDR
(0.48 at roughly 12:10 UTC).
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Figure 4.27: Accumulated flashes at each EDR report position for the duration of
DL1511 (bars) and aircraft EDR turbulence (red).

Figure 4.28: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL1511 and aircraft EDR turbulence (red) measured along flight path.
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Figures 4.27 and 4.28 examine the lightning characteristics at positions in which
the aircraft reported EDR data. The accumulated flash data in Figure 4.27 clearly
highlights the positions with the most lightning over the course of the flight and these
data correspond closely with the peak in turbulence experienced by DL1511. Nearly 300
flashes initiated at position 14 during the course of DL1511 which was adjacent to the
position in which the flight experienced severe turbulence. Examination of the minimum
distance to flashes data contained in Figure 4.28 show that, in general, the greatest
turbulence was experienced in positions with relatively short minimum distances to flash
initiations. The locations with EDR above 0.30 (positions 12, 14, 15, and 16) all have
minimum distances to flash of 7 nmi or less and nearly every position recorded at least
one flash that initiated within 20 nmi. Data of the sort shown in Figures 4.27 and 4.28
could be very useful in determining exactly which areas in the flight path have increased
threat from turbulence especially when indications from radar (Figure 4.2) are unclear.
4.4 April 4th, 2011
The convective environment in the Tennessee Valley on April 4th was dictated by
the approach of an extensive long wave trough from the west. This strong trough
extended from central Canada south to central Texas and featured multiple embedded
wind speed maxima which contributed to significant forcing for upward vertical motion.
At lower levels, a 45 kt southerly 850 mb jet transported rich Gulf of Mexico moisture
into the Alabama region. Southerly to southeasterly low level winds veered to
southwesterly and increased speed with height contributing to in excess of 50 kts of
effective bulk wind shear. Further details on the convective environment are provided in
Figure 4.29 which shows the 00 UTC sounding from April 5th in Birmingham. This
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sounding was selected because it adequately represents the prefrontal kinematic and
thermodynamic environment in place for the flight detailed below and was preferred over
the morning sounding in order to capture the increased environmental buoyancy resulting
from diurnal heating. Of special importance is the sampled CAPE (nearly 900 J kg-1),
which in addition to the very strong shear alluded to previously led to a seasonally potent
convective environment. Reports of 68 tornadoes and over 1300 instances of severe
winds were logged across the southeastern United States during the course of this event.
Details on Delta Airlines flight 1517 featuring MOG turbulence will be examined
in the analysis that follows. DL1517 occurred on April 4th as the strongly forced
convection neared northern Alabama.

Figure 4.29: Birmingham upper air sounding from 00 UTC on April 5th, 2011.
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Delta Airlines Flight 1517 (19:33-19:45 UTC):

Figure 4.30: Low level reflectivity from KHTX, LMA flash initiations from the 6
minutes centered on the radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and
color-coded aircraft location turbulence magnitude (diamonds with a + in the center to
help differentiate diamonds from similarly colored radar reflectivity; black=none,
green=light, yellow=moderate, red=severe turbulence) for Delta Flight 1517 at 19:40
UTC.

Figure 4.31: Merged VIL and approximate aircraft track (red) for DL1517 at 19:42
UTC.
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Delta Airlines flight 1517 is another case in which a flight was required to plot the
least dangerous course through a potent and horizontally extensive MCS. Figure 4.30 is a
bit hard to discern but close inspection reveals that DL1517 had two reports of MOG
turbulence in close proximity to each other as the aircraft approaches the main convective
line. At the time of these reports the aircraft is clearly much closer than 20 nmi to robust
convection with multiple lightning initiations occurring in the plotted radii. Merged VIL
in Figure 4.31 shows numerous convective cores with the strongest cells characterized by
VIL in excess of 15 kg m-2. Radar depictions of VIL give some clue as to the route
chosen through the convection with the most robust cells being avoided by as large a
margin as possible. However, indications from both radar and lightning detection
platforms argue strongly that aircraft should not have attempted to traverse this potent
line of convection.
There was no shortage of lightning surrounding DL1517 regardless of which
radius (10, 20, and 40 nmi) was used as is clearly shown in Figure 4.32. The 10 nmi
radius features low flash rates (5 flashes per minute) but excellent correlation with the
peak turbulence occurrence. The 20 nmi radius indicates flash rates on the order 50
flashes per minute in the vicinity of the aircraft. The 40 nmi radius captures so much
lightning that any correlation with turbulence magnitude is hard to discern other than to
expound upon the fact that DL1517 was traversing a dangerous environment.
Figure 4.33 shows excellent agreement between max VIL, MESH, and flash rate
in the area surrounding DL1517 with peaks in all three metrics occurring within a few
minutes of each other. Maximum VIL within 20 nmi of the aircraft peaked at nearly 25
kg m-2 before a secondary peak and eventual decline as the aircraft exited the most robust
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convective region. Maximum MESH increases to above 15 mm at 19:37 UTC and
remains elevated. Figure 4.33 provides further evidence that lightning initiations and
flash rates, when present, are an excellent proxy for updraft location and magnitude.

Figure 4.32: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL1517.
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Figure 4.33: LMA flash rate (black) and Max VIL (red) and MESH (blue) for DL1517
during the time of MDT report.

Trends in lightning detected by native LMA, GLM proxy, and ENTLN are in
excellent agreement with one another concerning trends and the time of peak flash rates
and are shown in Figure 4.34. As with the March 12th case, the native LMA detects a
peak of 51 flashes per minute with GLM proxy detecting 42 flashes per minute. ENLTN
detected slightly fewer flashes (38 flashes per minute) than the LMA-derived products.
In cases where LMA and GLM proxy detect similar numbers of flashes, one can assume
that (in the mean) this area is made up of lightning flashes that feature a large number of
sources per flash. When this is the case, the difference between LMA and ENTLN flash
rates will largely become a function of the detection efficiency of each network, with
LMA outperforming the ENLTN.
A clear inverse relationship between the distance to nearest flash and measured
turbulence is shown in Figure 4.35. As the distance to the nearest flash initiation
decreases the turbulence increases correspondingly. The early marked difference
between distance calculations between native LMA and GLM proxy is likely the result of
the gridding/resolution issues discussed in prior sections which can result in some flashes
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falling within the 20 nmi radius for GLM that are not within range using the exact LMA
initiation points. In this case, peak turbulence (EDR of 0.30) occurred coincidently with
minima in LMA and GLM proxy initiation distances (3 and 5 nmi, respectively).
Figure 4.36 shows the accumulated flashes along the flight path of DL1517.
Modest agreement is shown to exist between the trends in number of flashes at each
position and turbulence magnitude, but the peak in accumulated flashes (> 550) occurs at
position 7 while the peak in turbulence (0.30) is coincident with position 6 (475 flashes).
Figure 4.37 clearly shows a well defined inverse trend in minimum distance to flash
initiations that is coincident with the trend in turbulence, but as in Figure 4.36, the
location of the least distance is position 7 (1.5 nmi) while the distance from position 6 is
slightly larger (2.3 nmi). According to this analysis, position 7 is indicated to be the most
dangerous from both the total accumulated flashes and minimum distance to flash
methods.

Figure 4.34: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL1517.
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Figure 4.35: Distance in nmi from aircraft to LMA flash initiations (black),
distance to GLM proxy initiations, and EDR turbulence magnitude (red) for DL1517.

Figure 4.36: Accumulated flashes at each EDR report position for the duration of
DL1517 (bars) and aircraft EDR turbulence (red).
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Figure 4.37: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL1517 and aircraft EDR turbulence (red) measured along flight path.

4.5 April 15th, 2011
The synoptic environment for this day was dominated by a deep closed low at 500
mb centered over south-central Kansas with negatively tilted troughing extending south
nearly to the southern Texas Gulf Coast. In the upper levels of the atmosphere there was
extreme jet level diffluence that contributed substantially to forcing for upward vertical
motion. Moist southwesterly winds in excess of 60 kts at 500 mb and south to
southeasterly winds of 30 kts at 850 mb resulted in excess of 50 kts of effective bulk
shear. Environmental buoyancy was limited in the northern portion of Alabama to fewer
than 250 J kg-1 but increased with southward extent to above 500 J kg-1. Figure 4.38
shows the sounding from Birmingham at 12 UTC on April 15th. No CAPE was sampled
in this sounding but solar insolation in conjunction with very steep (nearly dry adiabatic)
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lapse rates between 600 and 350 mb likely contributed adequate instability for organized
convection given the stout environmental wind shear. In the southern half of Alabama
and Mississippi, where sufficient buoyancy was coincident with strong vertical wind
shear, there was a significant severe weather outbreak featuring over 140 tornado reports.

Figure 4.38: Birmingham upper air sounding from 12 UTC on April 15th, 2011.
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Delta Airlines Flight 1310 (16:59-17:13 UTC):

Figure 4.39: Low level reflectivity from KHTX, LMA flash initiations from the 6 minutes centered on the
radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and color-coded aircraft location turbulence
magnitude (diamonds with a + in the center to help differentiate diamonds from similarly colored radar
reflectivity; black=none, green=light, yellow=moderate, red=severe turbulence) for Delta Flight 1310 at
17:03 UTC.

Figure 4.40: Merged VIL and approximate aircraft track (red) for DL1310 at 17:04 UTC
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Delta Airlines flight 1310 was traveling northwest as it attempted to navigate
through a linear convective system characterized by VIL less than 10 kg m -2 but featuring
multiple lightning initiations as indicated in Figures 4.40 and 4.39 respectively.
Although not shown here, the convective line extended far to the south and west
effectively cutting off options to deviate around the convective complex. Both radar and
lightning data highlight the potential turbulence threat with this convective line.
The effect of varying the radius around DL1310 in which lightning is included is
similar to the findings from section 4.4 and can be seen in Figure 4.41. The 10 nmi
radius indicates that there were in fact lightning flashes at least twice as close as is
recommended with the peak in EDR of 0.30 that was reasonably collocated (within 2
minutes) with the peak in flash rate of 4 flashes per minute. Increasing the radius to 20
nmi shows the best agreement between flash rate and turbulence trends. Peak flash rates
of 10 flashes per minute occur at 17:04 and 17:06 UTC (when EDR peaks at 0.30). The
40 nmi radius includes so many flashes that trends and peaks in flash rate are not well
matched with the turbulence curve. Figure 4.42 shows reasonable agreement between
max VIL and MESH when compared to the lightning flash rate trends. The first peak in
flash rate of 10 flashes per minute is coincident with VIL of 18 kg m-2 and MESH of
21 mm, while the second peak in flash rates (10 flashes per minute) occurs as the VIL
and MESH curves are beginning to decrease from their absolute peaks but both remain
above the 10 kg m-2 and 10 mm thresholds, respectively.
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Figure 4.41: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL1310.

Figure 4.42: LMA flash rate (black) and max VIL (red) and MESH (blue) for DL1310
during the time of MDT report.
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Figure 4.43: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL1310.

Figure 4.44: Distance in nmi from aircraft to LMA flash initiations (black), distance to
GLM proxy initiations, and EDR turbulence magnitude (red) for DL1310.
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Trends in lighting flash products are shown in Figure 4.43. Native LMA detects
the most flashes (10 flashes per minute) at 17:04 UTC while ENTLN and GLM proxy
register 8 and 7 flashes per minute each. The LMA and ENLTN flash rates are equal at
10 flashes per minute at 17:06 UTC when turbulence peaks with an EDR of 0.32. Unlike
previous cases in which the flash rates from LMA and GLM proxy were relatively
similar, this case shows some separation between these two curves in a few spots. This
disparity suggests that some of the flashes detected by the LMA did not have more than
the 30 sources required to register in GLM proxy data. Data from ENTLN are similar to
the flash rates detected by the LMA with a few instances where ENTLN detects more
flashes than either the LMA or GLM proxy. Trends in all three systems are largely
similar with some minor differences in the placement and magnitude of peak flash rates
which can be explained with the aforementioned stipulations on data included in each
network.
Figure 4.44 shows reasonable agreement between the minimum distance to flash
initiations indicated by both the GLM proxy and native LMA. Both of these curves show
an inverse relationship with the EDR turbulence measured on DL1310. The minimum
distance from the aircraft to a flash, only 2 nmi, occurs 2 minutes before the turbulence
peak of 0.32 was sampled at 17:06 UTC. As the magnitude of the turbulence decreases
thereafter there is a corresponding increase the minimum distance from the aircraft to
lightning initiations. This case is yet another example that close proximity to convective
updrafts, as indicated by lightning flash initiations, greatly increases the chance that an
aircraft will experience turbulence.
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Figure 4.45 showing the accumulated lightning flashes at each aircraft EDR
position indicates a peak in the flashes (170 flashes at position 5) that occurs just before
the peak in EDR (0.32 at position 7). The trends in accumulated lightning at each
position are offset with respect to turbulence magnitude by 2 positions as well. Figure
4.46 shows an inverse relationship between the minimum in distance and turbulence
magnitude with position 6 having a flash less than 1 nmi from its location. At position 7,
where turbulence peaks at 0.32, the minimum distance to flash is increased to roughly 3
nmi. Interestingly, all positions except position 14 had a flash that initiated within 10
nmi at some point during the time that DL1310 was traversing the area. Lightning
information along the path travelled by DL1310 indicates that the area in which the
aircraft experienced its peak turbulence was characterized by distances to closest
initiation of less than 5 nmi.

Figure 4.45: Accumulated flashes at each EDR report position for the duration of
DL1310 (bars) and aircraft EDR turbulence (red).
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Figure 4.46: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL1310 and aircraft EDR turbulence (red) measured along flight path.

4.6 May 2nd, 2010
The convective environment early on May 2nd was primarily influenced by a very
large amplitude trough extending southward from a closed low centered on the North
Dakota/Canadian border. The base of this trough was located as far south as central
Mexico with broad southwesterly flow at 500 mb extending from far southern Texas to as
far north as New York. Wind speeds in this broad southwesterly flow regime were on the
order of 60 kts at 500 mb across much of the Tennessee Valley. South-southwesterly
winds of roughly 45 kts at 850 mb were advecting seasonally rich moisture northward
ahead of the main trough axis. These winds, in combination with relative light southerly
surface flow of 10 kts, yielded 50-60 kts of effective bulk shear (Table 3.3) across the
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region. Low to moderate atmospheric buoyancy (560 J kg-1) was sampled by the 00 UTC
upper air sounding launched from Birmingham and can be seen in Figure 4.47. Also of
note in Figure 4.47 are steep low level temperature lapse rates, strongly veering winds
with height, and a temperature inversion at 800 mb which all contribute to the “loaded
gun” appearance of the sounding. Mixed Layer Convective Available Potential Energy
(MLCAPE) plots from the SPC’s mesoanalysis archive indicated more robust instability
of roughly 1000 J kg-1 (Table 3.3). Favorable shear and buoyancy combinations led to
the formation of an east-west oriented squall line in northwest Alabama that lifted
northward into southern and central Tennessee in the early hours UTC of May 2nd.
Two flights logged MOG turbulence on May 2nd. Flight DL1222 is of particular
note in that the pilot likely could have deviated around the offending convection with
little loss in time or money associated with extra fuel costs. Details of this flight will be
explored below.

Figure 4.47: Birmingham upper air sounding from 00 UTC on May 2nd, 2010.
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Delta Airlines Flight 1222 (01:50-01:59 UTC):

Figure 4.48: Low level reflectivity from KHTX, LMA flash initiations from the 6 minutes centered on the
radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and color-coded aircraft location turbulence
magnitude (diamonds with a + in the center to help differentiate diamonds from similarly colored radar
reflectivity; black=none, green=light, yellow=moderate, red=severe turbulence) for Delta Flight 1222 at
01:52 UTC.

Figure 4.49: Merged VIL and approximate aircraft track (red) for DL1222 at 01:52
UTC.
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The east-west orientation and northward motion of the convection in northwest
Alabama and southern Tennessee coupled with the west-to-east motion of DL1222
offered ample options for the aircraft to deviate around the area of convection. Instead,
this flight maintained its course and, not too surprisingly, encountered turbulence as it
navigated just to the north of the strongest cells but well within range of a few lightning
intiations as can be seen in Figure 4.48. Figure 4.49 shows that the aircraft avoided the
strongest cores associated with the greatest VIL but DL1222 still traversed a region
characterized by VIL on the order of 10 kg m-2. It seems that only a minor deviation to
the north, where radar and lightning data indicated more favorable conditions, would
have resulted much reduced turbulence danger.
Similar to other cases already detailed, the variation of the radius in which to
include lightning presented in Figure 4.50 shows that the best correlation between
lightning and turbulence occurs when the radius is 20 nmi. A peak flash rate of 7 flashes
per minute occurs around 1:53 UTC which is about a minute before the peak EDR of
0.26 found at 1:54 UTC. The 10 nmi radius flash rate (2 flashes per minute) peaks about
a minute after the peak in turbulence but the trend in flash rate does not follow the trend
in turbulence well. Including lightning from within 40 nmi once again shows little
agreement with either the peaks or the trends in turbulence data.
Radar and lightning properties around DL1222 are in reasonable agreement as
shown in Figure 4.51. Interestingly, the peak in flash rate of 7 flashes per minute occurs
in a relative minimum in VIL (13 kg m-2) and MESH (11 mm). Maxima in VIL and
MESH occur slightly after the peak in flash rate and are near 18 kg m-2 and 20 mm
respectively.
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Figure 4.50: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL1222.

Figure 4.51: LMA flash rate (black) and Max VIL (red) and MESH (blue) for DL1222
during the time of MDT report.
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Figure 4.52: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL1222.

Figure 4.53: Distance in nmi from aircraft to LMA flash initiations (black) and EDR
turbulence magnitude (red) for DL1222.

Figure 4.52 shows some major disagreement between flash rates derived from
native LMA and ENTLN; with ENTLN registering 8 flashes per minute while the LMA
only detects 1 flash. Reasons for the disparity between networks are unknown and are
substantial enough to not be explained within previous reasoning. It is unusual for one
network to register more flashes than another and then have that relationship reverse only
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to have both networks agree towards the later times shown in Figure 4.52. Aside from
the initial disparity at 01:51 UTC, both networks show similar trends in flash rates with
disagreement on the peak flash rate magnitude (LMA with 7 and ENTLN with 3 flashes
per minute).
Distance to nearest flash shows the expected inverse correlation with measured
turbulence in Figure 4.53. Peak turbulence of 0.26 occurs just after 1:53 UTC the nearest
flashes are less than 11 nmi from flight DL1222, further illustrating that close proximity
to convective updrafts carries inherent turbulence risk, especially when convective
coverage and morphology does not eliminate potential deviation routes around that risk.
Examination of Figure 4.54 shows that the peak in accumulated lightning flash
initiations during the course of DL1222 generally matches the peak in turbulence
magnitude (0.26 at position 4) with positions 3 and 4 registering 35 and 38 flashes
respectively. Trends in accumulated flashes are harder to relate to turbulence data as
positions with similar flash counts correspond to appreciable changes in turbulence.
Agreement in these data sets are not as clear cut as they have been in other cases but do
serve to highlight the general region where turbulence is a potential threat. Similarly, the
minimum distance to flash data in Figure 4.55 are ambiguous with respect to turbulence
magnitude. The position with the closest initiation (position 1) corresponds to very weak
turbulence but it should be noted that the locations in which the aircraft experienced the
greatest turbulence showed minimum distances that were below 10 nmi indicating that
the positions are in close proximity to convective updrafts. Both accumulated flashes and
the minimum distances to those flashes do highlight the portions of the flight track at
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greatest risk of turbulence even though they may not correspond exactly with the peak in
measured turbulence.

Figure 4.54: Accumulated flashes at each EDR report position for the duration of
DL1222 (bars) and aircraft EDR turbulence (red).

Figure 4.55: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL1222 and aircraft EDR turbulence (red) measured along flight path.
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4.6 May 3rd, 2010
Very little changed concerning the synoptic environment between early May 2nd
(previous section) and early May 3rd. The exceptionally large amplitude of the
aforementioned trough of low pressure resulted in little eastward progression in the 23
hours separating these cases. Broad southwesterly flow at 500 mb persisted as did the
southerly flow at 850 mb over the Tennessee Valley and resulted in very similar effective
bulk shear values between the two days (Table 3.3). Convective complex orientation did
vary however, with May 3rd featuring a more typical southwest to northeast orientation to
the linear system. Figure 4.56 shows a similar wind profile to that outlined in Figure 4.47
from the day before, attesting to the stagnant upper level pattern. Of note in Figure 4.56
is the saturated layer below 600 mb and slightly more robust instability of 1013 J kg-1
measured in the 00 UTC Birmingham sounding from May 3rd.
Two flights registered MOG turbulence on May 3rd in the same general region so
the flight with a longer record of EDR data will be detailed below.

Figure 4.56: Birmingham upper air sounding from 00 UTC on May 3rd, 2010.
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Delta Flight 2016 (00:26-00:43 UTC):

Figure 4.57: Low level reflectivity from KHTX, LMA flash initiations from the 6 minutes centered on the
radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and color-coded aircraft location turbulence
magnitude (diamonds with a + in the center to help differentiate diamonds from similarly colored radar
reflectivity; black=none, green=light, yellow=moderate, red=severe turbulence) for Delta Flight 2016 at
00:35 UTC.

Figure 4.58: Merged VIL and approximate aircraft track (red) for DL2016 at 00:35 UTC.
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Figure 4.57 actually shows the radar and flight information for two individual
flights that experienced MOG turbulence on this day. This analysis will focus on the
northern-most flight, DL2016, which is shown to the south of the Nashville area. KHTX
reflectivity, merged VIL (Figure 4.58), and lightning initiations indicate that the storms in
DL2016’s region are relatively weak but are strong enough to produce VIL in the
10 kg m-2 range in addition to several lightning flash initiations. From both radar and
lightning perspectives it is apparent that other regions or routes may have offered a
reduced turbulence threat.
Figure 4.59 shows that the most informative distances in which to include
lightning are the 10 nmi and the FAA recommended 20 nmi radii. Both 10 and 20 nmi
radii flash rates (1 and 3 flashes per minute respectively) match well with the turbulence
peak at 00:39 UTC of 0.25 and are also useful in that they show that the aircraft was not
adhering to the FAA guidelines concerning separation. The 40 nmi radius includes far
too many flashes to be useful in defining turbulence trends and peak as has been shown in
other cases.
Maximum VIL and MESH are in relative agreement with each other with respect
to trends and peaks but their relation to peaks in lightning flash rate is not clear as is
shown in Figure 4.60.

The first peak in lightning flash rates of 3 flashes per minute at

00:39 UTC and is well matched with elevated VIL (12 kg m-2) and MESH (9 mm) but the
second peak in flash rates occurs as both VIL and MESH register zero kg m-2 and zero
mm respectively. This disparity is likely the result of these radar properties occurring at
the very edges of the 20 nmi inclusion radius. The fact that both VIL and MESH rapidly
increase to values commensurate with those of previous minutes supports this reasoning.
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Figure 4.59: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL2016.

Figure 4.60: LMA flash rate (black) and Max VIL (red) and MESH (blue) for DL2016
during the time of MDT report.
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Figure 4.61: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL2016.

Figure 4.62: Distance in nmi from aircraft to LMA flash initiations (black), distance to
GLM proxy initiations, and EDR turbulence magnitude (red) for DL2016.

Data from the different lightning flash products for this case show agreement with
trends in flash rate. Figure 4.61 shows that peaks in flash rate differ among native LMA
with 3 flashes per minute, GLM proxy also with 3 flashes per minute, and ENTLN with 5
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flashes per minute at 00:39 UTC. This flight occurred near the edge of the 150 km
NALMA radius which may help to explain the minor differences in peak flash rate
between LMA and ENTLN. Differences between LMA and GLM proxy distances of 4
nmi at around 00:37 UTC are likely the result of gridding and corresponding
resolution/location disparities mentioned in previous cases.
Figure 4.62 illustrates the inverse relationship between minimum distance to flash
initiations and turbulence with nearly all increases in aircraft turbulence corresponding
with a decrease in the minimum distance to flashes. For example, the sharp increase in
turbulence at 00:38 UTC is accompanied by an equally sharp decrease in the distance to
nearest flash initiation at the same time. The GLM proxy consistently indicates less
distance to flashes than the native LMA but the remarkable agreement in the trends
between the two curves suggest that resolution incongruities are most likely to blame and
that they are differing representations of the same flashes.
Examination of the accumulated flash information in Figure 4.63 reveals that the
regions in which the aircraft experienced the strongest turbulence (positions 1, 2, 13) are
the same locations with elevated accumulated flash counts (19, 18, and 34 flashes per
minute). It should be pointed out that locations with the most flashes (positions 13-18)
correspond with slightly weaker turbulence (0.25) than was experienced in positions 1
and 2 (0.37) where accumulated flashes were less. The trend in accumulated flashes
however, agrees very well with the trends in turbulence. Similar results are found in
Figure 4.64 where the locations closest to lightning initiations correspond with the peaks
in measured turbulence. For example, positions 1 and 2 each featured flashes that were 3
nmi away at the same positions that an EDR of 0.37 was measured aboard DL2016.
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Similarly, the locations with no measured turbulence (7, 8, and 9) also did not register
any flashes during DL2016.

Figure 4.63: Accumulated flashes at each EDR report position for the duration of
DL2016 (bars) and aircraft EDR turbulence (red).

Figure 4.64: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL2016 and aircraft EDR turbulence (red) measured along flight path.
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4.8 June 1st, 2010
This case offers the opportunity to test the relationships between lightning and
turbulence in a weakly forced synoptic environment characterized by weak vertical wind
shear and modest instability (Table 3.3). There was no large scale trough at mid and
upper levels of the atmosphere to bolster forcing for upward vertical motion and as a
result convective forcing was largely dependent on surface heating and gust front
interactions from previous storms. As is typical of the summer regime in the southeast
United States, relatively short-lived convective cells with modest flash rates were
prevalent on this day. Figure 4.65 shows the sounding from Birmingham at 00 UTC on
June 2nd. Sampled CAPE in the sounding is above 2500 J kg-1 and flow throughout the
lowest 700 mb of the atmosphere was very weak and on the order of 15 kts or less.
Only one flight registered MOG turbulence on June 1st and this turbulence
occurred shortly after the aircraft appeared to fly directly over a small but flashing
convective cell and within 20 nmi of a more robust cell to its north. Given the widely
scattered nature of convection on this day it is apparent that minor deviations in aircraft
track could have resulted in a significantly reduced turbulence threat as will be explored
further below.
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Figure 4.65: Birmingham upper air sounding from 00 UTC on June 2nd, 2010.

Delta Airlines Flight 0724 (2113-2121 UTC):

Figure 4.66: Low level reflectivity from KHTX, LMA flash initiations from the 6
minutes centered on the radar scan time (‘+’ symbols), 20 nmi aircraft radius (circle), and
color-coded aircraft location turbulence magnitude (diamonds with a + in the center to
help differentiate diamonds from similarly colored radar reflectivity; black=none,
green=light, yellow=moderate, red=severe turbulence) for Delta Flight 0724 at 21:20
UTC.
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Figure 4.67: Merged VIL and approximate aircraft track (red) for DL0724 at 21:20
UTC.

As mentioned above, DL0724 experienced moderate turbulence shortly after
flying over a small, lightning producing cell. The flight was also within 20 nmi of
another strongly flashing cell to its north as can be seen in Figure 4.66. Several flights in
the time preceding DL0724 (not shown) traveled very close to the stronger northern cell
and did not register any turbulence suggesting that the turbulence experienced by
DL0724 was associated with the overflown cell. FAA guidelines recommend not flying
over developing convection unless the aircraft can be 1000 ft above the cloud for each 10
kts of wind speed at cloud top. Given the very weak winds shown in Figure 4.65 it is
conceivable that the aircraft was conforming to the FAA overflight recommendation.
Figure 4.67 illustrates the widely scattered nature of the convection on this day which
suggests that deviation around convective cells was likely not prohibitively costly with
respect to time or money. Figure 4.63 also shows a different EDR instrumented flight
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that appears to be heading directly into another convective cell near the Alabama-Georgia
border when multiple deviation options are available.
Using a 10 nmi radius only includes the flashes associated with the smaller
developing cell that DL0724 overflew, resulting in a one flash per minute flash rate.
Increasing the radius to 20 nmi begins to include the flashes associated with the stronger
northern cell and flash rates well matched with the trends in turbulence data. A peak of 9
flashes per minute is collocated with peak turbulence of 0.25. Increasing the radius to 40
nmi includes flashes from all the cells in DL0724’s region and does not agree with
turbulence trends or peaks as can be seen in Figure 4.68. These results support the
finding that including lightning initiated within the FAA recommended radius is best
correlated with turbulence trends and maxima.
Comparison between VIL, MESH and observed flash rate around DL0724 is
shown in Figure 4.69. Increases in radar properties precede the increase in flash rate by 2
minutes but the general shape of all three curves is very similar. Peak values of 23 kg m-2
in VIL and a MESH of 19 mm are coincident with the LMA flash rate peak of 23 flashes
per minute at 21:21 UTC. Although not explicitly plotted here, one can infer from
Figures 4.68 and 4.69 that the lightning is in better temporal agreement with turbulence
than is either radar variable, which implies that lightning proximity data are a better
indicator of turbulence location in this case.
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Figure 4.68: EDR turbulence measurements and flash rates at varying distances (10, 20,
and 40 nmi radii) from DL0724.

Figure 4.69: LMA flash rate (black) and Max VIL (red) and MESH (blue) for DL0724
during the time of MDT report.
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Figure 4.70: Flash rates from different lightning products; with LMA in solid black,
GLM-proxy in dotted red, and ENTLN in dotted blue for DL0724.

Figure 4.71: Distance in nmi from aircraft to LMA flash initiations (black), distance to
GLM proxy initiations, and EDR turbulence magnitude (red) for DL0724.

Figure 4.70 illustrates the lightning characteristics around DL0724 as found by
the different lightning products. The commonly found theme of similar trends but
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varying magnitudes between networks is again apparent in this figure with the GLM
proxy detecting 11 flashes per minute in contrast with 9 flashes per minute and 3 flashes
per minute from LMA and ENTLN, respectively. Variations in detection efficiency
between LMA and ENTLN are a likely explanation for the discrepancy.
Figure 4.71 illustrates the distances from DL0724 to the nearest flash initiation as
detected by LMA and GLM proxy. Interestingly, the previously-found inverse
correlation between distance and turbulence is reversed for the first two thirds of the time
shown in Figure 4.71 with increases in turbulence magnitude corresponding to increases
in the minimum distance to flash initiations. At 21:19 the familiar inverse correlation
between distance and turbulence is established and continues through the end of the plot
when the greatest turbulence (0.20) is coincident with the smallest spatial separation
between the aircraft and lightning initiations (1 and 2.5 nmi for LMA and GLM proxy).
Figure 4.72 shows that the number of flashes accumulated at each EDR
position increases as the aircraft measured turbulence increases indicating that the
positions with the most lightning flashes are also the same positions in which the aircraft
is most at risk for turbulence. For example, positions 8 and 9 feature 44 and 74 flashes
which correspond with turbulence of 0.18 and 0.26 respectively. Similarly, Figure 4.73
shows a general trend of decreasing spatial separation between the position and the
nearest lightning initiation being inversely correlated with increases in aircraft
turbulence. As in the previous example, positions 8 and 9 indicate minimum distance to
flashes of 7 and 1 nmi with turbulence of 0.18 and 0.26 in these positions. These plots
illustrate that the amount of and distance to lightning initiations from EDR positions are
directly related to the turbulence threat in those areas.
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Figure 4.72: Accumulated flashes at each EDR report position for the duration of
DL0724 (bars) and aircraft EDR turbulence (red).

Figure 4.73: Minimum distance to LMA flash initiations (bars) at each position for the
duration of DL0724 and aircraft EDR turbulence (red) measured along flight path.
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4.9 Summary Images
The previous case and flight outlines have shown the relationships between
lightning and turbulence around the aircraft as well as the accumulated flashes and
distance to flashes at EDR-reported positions along the aircraft’s flight path. The purpose
of this summary section is to examine all the turbulence and lightning data for all flights
and positions in order to explore broader trends across the complete data set, including
data from flights that were not examined in detail in previous sections.
Figure 4.74 shows EDR turbulence and distance to nearest flash initiations data
from all flights exhibiting MOG turbulence at some point in the flight. There is a modest
inverse correlation between proximity to lightning initiation and turbulence magnitude
with a computed Pearson correlation coefficient of -0.316. This finding makes sense in
the larger context of this and other research in that the chance of experiencing turbulence
is increased with decreasing separation from the turbulence generating updraft.
Accumulated flashes at each position are plotted against EDR turbulence for all
flights in Figure 4.75. The computed correlation coefficient for these data is positive
indicating that increases in the number of accumulated flashes correspond to increases in
aircraft turbulence. Accumulated flash data occur across a very wide range of flashes
with some positions logging very low flash numbers and others registering over 500
flashes during the time the aircraft were in the study region. In order to equalize these
widely varying data and make the different cases comparable to each other, the raw
accumulated flash data were divided by the amount of time each respective aircraft was
in each region to arrive at position-flashes per minute. Results of these calculations can
be found in Figure 4.75 and show a Pearson correlation coefficient of 0.167. Since flash
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rates are so variable across convective environments it is beneficial to examine the flash
initiation density plots for each case to determine the area at the relative greatest risk of
turbulence. Figure 4.76 shows an example of flash initiation density for DL2007 on
January 24, 2010. The red arrows represent the approximate flight path while the colored
squares indicate the number of LMA flashes that initiated within that box. Figure 4.76
shows that the aircraft was headed for an area with a relatively high number of flash
initiations with respect to the surrounding environment. Data of this type could be
extremely helpful to aviation dispatchers in defining the most dangerous regions for a
particular flight.
Figure 4.77 shows the plot of EDR turbulence and the corresponding minimum
distance to flash initiations from all positions during all flights. On an individual flight
basis these data showed a modest inverse relationship between the distance to the nearest
flash initiation and turbulence. Figure 4.76 shows that this inverse correlation is
applicable across the entire data set of cases and corresponding flights, including flights
that were not examined in detail in the previous sections. A Pearson correlation
coefficient of -0.355 was found between distance to nearest flash initiation and EDR
turbulence. These data and other conclusions will be discussed and summarized in the
following chapter.
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Figure 4.74: EDR turbulence vs. distance to nearest flash initiation for all flights. Note
that x-axis values are inverted.

Figure 4.75: EDR turbulence vs. position flash rates for all flights.
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Figure 4.76: Flash initiation density and merged VIL and approximate aircraft track (red)
for DL2007.

Figure 4.77: EDR turbulence and distance from position to nearest flash initiation for all
flights.
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CHAPTER V

Summary and Conclusions

This chapter will summarize key findings from chapter 4 and relate them to
applicable results in the literature. Also presented are overall conclusions drawn from the
research as well as some suggestions for areas of further study.
The link between radar measurements of storm intensity and how those
measurements relate to storm lightning characteristics is covered fairly extensively in the
literature (e.g. Rhoda and Pawlak 1999; Goodman et al. 2005; Weber et al. 2006; Steiger
et al. 2007; Iskenderian 2008; Williams et al. 2008; Metzger and Nuss 2013) with
specific variations in experimental design and featured instrumentation. Goodman et al.
(2005) for example, showed that radar properties like VIL and echo tops increase
commensurate with increases in the total lightning flash rate for both ordinary and
organized storm morphologies. Our study examined the relationship between maximum
VIL, MESH, and lightning flash rates in a 20 nmi radius around the moving aircraft and
found that peaks and trends in flash rate were in reasonable agreement with radar
parameters with the stipulation that a moving aircraft would encounter gradients in VIL
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and MESH prior to coming in range of the flash initiations associated with the convective
updraft. We found that increases in maximum VIL usually preceded increases in flash
rate by 1-2 minutes and that peaks in flash rate were generally collocated with broader
peaks in radar parameters. Some of our cases, June 1st, 2010 for example, showed that
the spike in lightning flash rates around the aircraft was a better temporal match to peak
turbulence than either VIL or MESH. Maximum MESH was less helpful in defining
convective vigor and often disagreed with trends in VIL as well as lightning flash rates.
This inconsistency is perhaps why VIL (and not MESH) has been a benchmark for
convective intensity, especially in aviation applications (Lakshmanan 2007; Rhoda and
Pawlak 1999).
The relationship between increasing turbulence and decreasing distance to
convection has been mentioned in previous studies (e.g. Wolff and Sharman 2008;
Sharman and Williams 2009; Bedka et al. 2010; Lane et al. 2012). These studies
examined the correlation between turbulence occurrence or likelihood and proximity to
convection. Lane et al. (2012) found that the 50% of all MOG turbulence encounters
were within 100 km of convection even though only 10% of total EDR reports occur
within this range. The same study computed the relative aircraft risk for turbulence at
varying distances laterally and vertically from convection and found that the closer an
aircraft is to convection the greater the chance for turbulence (Figure 2.2). Though not
specifically mentioned in the results section, all the flights in our study experienced MOG
turbulence within 100 km of convection which supports the finding from Lane et al.
(2012). Our study employed a modified approach that used the location of LMA flash
initiations as a proxy for updraft location. Similarly, Bedka et al. (2010) used OT
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location, NLDN CG lightning information, and turbulence data to determine that
turbulence was more likely at closer ranges to convection. While no distinctions have
been made in our study as to the specific cause of the turbulence (directly-via encounters
with updraft/downdraft vertical winds, or indirectly-through encounters with gravity
waves) we did find that MOG turbulence was encountered in 15 of 19 flights that
registered lightning within 20 nmi of the aircraft strongly suggesting the presence of CIT.
Data from these 15 flights were shown in Figure 4.74 which showed an inverse
correlation between distance to lightning and turbulence with a coefficient of -0.316.
Wolff and Sharman (2008) used PIREP turbulence data and NLDN CG strike location
information and found a respectable 20% correlation between MOG turbulence and
lightning location even with the previously mentioned deficiencies in PIREP locations in
space and time and NLDN’s overall lack of robust IC lightning detection.
Data from LMA and GLM proxy were compared to get a sense of the potential
impacts to results from varying detector nature (RF vs. near infrared/optical) and varying
spatial resolution. In every case detailed herein there was at least some departure in the
results derived from LMA and GLM proxy. The minimum source thresholds required for
LMA (8 sources per flash in this study) and GLM proxy (30 sources per flash) resulted in
the LMA having more flashes and greater flash rates but as found in Wiens et al. (2005)
the general trend in flash rate is largely unaffected by varying the minimum source per
flash requirement. These findings are encouraging for the future applicability of results
in this study as we move towards a geostationary total lightning capability. Effects from
the decreased resolution of the GLM proxy in our results were harder to gauge with some
cases exhibiting more flashes in the 20 nmi buffer for GLM proxy than for native LMA,
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with the opposite being true in other cases. The 8 km2 resolution of the GLM proxy is a
significant fraction of the 20 nmi buffer, requiring a little over 4.5 GLM pixels to span
the entire radius. The result is that there could be significant inclusions or exclusions of
flashes depending on the exact relationship between pixel, storm, and flight path
orientations. Overall, however, the decreased sensitivity and resolution of the GLM
should be offset by the substantial increase in spatial coverage, resulting in a much wider
area over which to test relationships found in this and other research.
Numerous studies have noted that the FAA guidelines regarding the separation
between aircraft and convection are not always followed or that the guidelines are
inadequate to protect aircraft from the effects of convection (e.g. Pantley and Lester
1990; Weber et al. 2006; Williams et al. 2008; Lane and Sharman 2008; Sharman and
Williams 2009; Lane et al. 2012). Lightning is not a perfect indicator of the CIT threat,
but in 15 of 19 cases we found lightning initiations within 20 nmi of the aircraft and 14 of
19 cases registered at least one lightning initiation within 10 nmi of the aircraft. These
results confirm lightning’s utility in CIT diagnosis and the fact that aircraft do not always
follow the FAA guidelines. Perhaps the potential use of lightning information of the
nature used in this study will allow pilots and aviation dispatchers more precise
information with which to avoid convection. Pantley and Lester (1990) found very
similar results regarding aircraft-thunderstorm separation in the cases they studied and
they state that, “Although most will agree that these guidelines are conservative, it is
clear that adherence to them in the cases considered here would most likely have
prevented turbulence encounters.” It is understood that avoiding the weather is not
always possible but our study has identified instances (DL1222, DL0724) where only
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minor deviations around convection would have satisfied the FAA guidelines and could
have resulted in a significant reduction in turbulence danger.
To the author’s knowledge, there have not been any studies that have utilized
prior knowledge of aircraft position information to assess the lightning characteristics at
future locations. However, Williams et al. (2008) does outline a similar procedure that
uses aircraft flight plan data and the radar-based NTDA to determine EDR estimates in
the airspace ahead of an aircraft. For each flight in this study we computed the
accumulated number of flashes at each future aircraft position as well as the distance
from each position to the nearest lightning initiation (within 20 nmi).
On a per case basis, increases in accumulated position flashes generally agreed
with the measured increases in turbulence when the aircraft was actually occupying those
positions. These results suggest that the relative change in the number of accumulated
flashes between positions is more important in determining turbulence likelihood than the
actual magnitude of the number of flashes. The total number of flashes observed at each
position is a function of not only that position’s proximity to convective elements but also
a function of the flash rate of those elements, which can differ significantly with changes
in environmental convective parameters between cases. In an attempt to reduce the
contribution from variations in storm intensity/flash rate we took the accumulated flash
data and divided those values by the total flight EDR time in order to arrive at a flash rate
for each position for each flight (Figure 4.75). When data from all flights were combined
in this way there was almost no correlation (R=0.167) between the flash rate in a position
and the turbulence experienced at that position. This poor correlation suggests that
position accumulated flash data are best applied on a per case basis where the relative
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difference in accumulated flashes at each position can be observed. These data would be
analogous to a flash initiation density plot showing the relative magnitude of initiations at
each position and their relation to neighboring position magnitudes. Figure 4.76 shows a
plot of this nature and is useful for identifying which positions are experiencing more
flashes relative to their neighbors and are consequently of greater turbulence risk.
Conversely, the data regarding distance from positions to the nearest LMA flash
initiation showed some predictive capability on a per case basis as well as when data
from positions of all flights were compared. Figure 4.77 reveals that there is an inverse
correlation between the distance to the nearest initiation and the turbulence experienced
at that position. For all case days/flights this correlation was found to be R= -0.355.
While these results do show significant scatter across the EDR turbulence bins, it should
be noted that as turbulence magnitude increases the scatter is reduced. In the future,
findings of this nature could be applied to locations indicated in pre-filed aircraft flight
plans to assess the lightning indicated turbulence threat in real-time ahead of the aircraft
in a manner similar to what is outlined for the NTDA in Williams et al. (2008).
Future work might attempt to quantify the general environmental propensity for
gravity wave generation, propagation, and ducting to better assess the exact nature of the
turbulence. Comparing these findings to lightning and turbulence data could better
inform decisions regarding modifications to the recommended separation between
aircraft and convection with guidelines being tailored to the specific convective
environment. Broad agreement between lightning and radar intensity metrics found here
and in other studies along with results hinting that lightning may be better at pinpointing
the time of peak turbulence more precisely than broad radar peaks, it seems worthwhile
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to explore a combination of lightning and radar in an effort to better diagnose turbulence.
Finally, examination of wide-ranging flash initiation density plots like figure 4.76 could
alert aviation planners to particularly dangerous locations in the vicinity of convection.
On a per storm basis these data should provide the clearest indication of relative risk of
aircraft turbulence.
It is hoped that the findings in this study will be applicable across a wider
geographic range than is possible using LMA data. The broad agreement between LMA,
GLM proxy, and ENTLN lightning data suggest that our methods and results could
potentially be applied to regions where traditional means of assessing convective vigor,
like radar, suffer from incomplete or nonexistent coverage. Other ground-based networks
like the World Wide Lightning Location Network (WWLLN) claim to detect total
lightning on a global basis but at significantly reduced detection efficiency with respect
to LMA. It would be beneficial to test if these networks are able to achieve similar
results to what we have found here. With the anticipated launch of GOES-R in 2016 we
will have the capability to monitor total lightning across North and South America as
well as the adjacent oceanic basins, which will afford the aviation community the
capability to more completely assess the CIT threat across the western hemisphere.
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